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A central aim in parasitology is to understand the mechanisms and processes that de-
termine host-parasite associations. The quest to understand these mechanisms has led
to the rise of the host-parasite co-speciation paradigm, postulated in the early 20th cen-
tury. This paradigm proposed that the parasite phylogeny follows the host phylogeny
such that whenever the host speciates, the parasite speciates with it. Through the work
of several authors over the years, it has become apparent that other processes also occur
in the co-evolution of hosts and parasites. The importance of host switching, a process
where a parasite species switches to a new host species, was eventually recognised by
parasitologists. In host switching, ecological parameters are paramount where the para-
site phylogeny tracks the host ecology. Despite ecological parameters being important in
several host-parasite systems, in many systems the role of ecology remains unexplored.
This study aims to explore the importance of phylogeny and ecology in a marine skate-
cestode system. Mixed results on the importance of co-speciation in the co-evolution of
skates and cestodes have been reported by previous authors and none have explored the
role of host ecology and instances of host switching in this system.
There were two main aims of this study. Firstly, the individual host and parasite trees were
reconstructed for the skates and parasites used in this study. Secondly, the importance of
phylogenetic and ecological influences in the skate-cestode system were explored. A
suite of laboratory and computational techniques were used to address the aims of this
study. The parasite phylogenetic tree was constructed using the 28S gene marker. The
host evolutionary tree was created using COI and NADH2 genes. These trees were cre-
ated by generating host and parasite sequences which were then used in the MrBayes and
v
RAxML programs to generate host and parasite phylogenies based on Bayesian inference
and maximum likelihood methods. Both approaches revealed almost identical trees. Both
skate and cestode trees were monophyletic. The findings also supported previous recom-
mendations by other authors regarding taxonomic changes of some cestode species.
The host and parasite trees were then used to test for co-speciation using software pro-
grams PACo and Jane. Co-speciation was supported using both these programs. Jane
indicated that host switching exists in this system. As host switching is mainly influ-
enced by ecological factors, the next step was to test for important ecological parameters.
This test was done by modifying PACo using a novel approach developed in this study.
The analysis revealed that all four ecological parameters tested (diet, foraging depth, size
and geographical location) were significant in combination. This study was the first to
investigate the role of ecology in this system.
The key findings of this project are that some cestodes tend to co-speciate with their hosts
and follow host phylogeny, whereas others are influenced more by ecological factors and
are likely to switch hosts given the opportunity. However, those cestodes influenced by
ecological parameters may be vulnerable to fluctuations in important ecological factors.
Based on the findings of this study, cestodes of skates are expected to be vulnerable to
changes in diet, foraging depth, size and the geographical location of their hosts. The
effects of anthropogenic factors on these parasites are discussed. The study raised some
new questions that can be tested by future research.
Given that most skate species are highly vulnerable to anthropogenic stressors threatening
the marine ecosystem, such as climate change, over-fishing and pollution, it is essential
to evaluate whether parasites will face co-extinction if their hosts become extinct. In
this thesis some of these questions were asked with the goal being to understand the
repercussions of anthropogenic stressors on parasite populations. Parasites are crucial for
the stability of marine systems as they form a large part of marine biodiversity, and a
tremendous amount of energy flows through them via trophic interactions.
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A central aim in biology is to understand the evolutionary patterns and processes under-
pinning past and current biodiversity (Ŝimková et al. 2004). Since the beginning of life,
all living beings are continually shaped by evolutionary forces maintaining an everlasting
state of flux (Darwin 1859; Templeton 1989). These evolutionary processes and selective
pressures shape the intricate relationship of hosts and parasites (Poulin 1992). Naturally,
understanding these forces has become a paramount goal of parasitologists, and attempts
to unravel these processes have given rise to several paradigms that researchers use to
argue about the relative importance of phylogenetic and ecological forces in determining
host-parasite relationships (de Vienne et al. 2007).
One of the earliest paradigms was formulated around the beginning of the 20th century.
Fahrenholz, based on studies of avian lice, began constructing what is known as the classic
Fahrenholz’s Rule of host-parasite co-evolution (Fahrenholz 1913). This rule assumes
that the evolution of parasites is determined solely by speciation (the splitting of a species
to form new ones) of hosts (Darwin 1859). The parasite tracks the host’s evolutionary
tree, resulting in congruent host and parasite trees. It is therefore argued that the host’s
phylogeny (evolutionary tree) can be understood by studying the parasite’s phylogeny
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alone (and vice-versa) (Haeckel 1866; Fahrenholz 1913). This is also known as the host-
parasite co-speciation paradigm (Fahrenholz 1913; Wiens and Harrison 2004). Deriving
from this rule, assuming strict co-speciation, several other rules have been formulated
in parasitology. Some of these rules, as outlined by Hoberg et al. (1997), are discussed
below:
Szidat’s Rule: The more primitive a host species is, the more ancient its parasite species
will be.
Manter’s Rule: Parasites evolve more slowly than their hosts. The rule also states that
the longer the association between a host species and a parasite species, the more
host-specific the parasite will be. Broadly speaking, host-specificity is the measure
of the number of hosts a parasite can colonise. Parasites that are more host-specific
are able to colonise a narrower range of hosts (Rohde 1980).
Eichler’s Rule: This rule states that a highly speciose host group will have taxonomically
rich parasite fauna if those parasites are highly host-specific.
Fuhrmann’s Rule: Cestode parasites that infect a particular order of birds are specific
to that avian order.
The importance of co-speciation can be seen in several host-parasite systems (Clark et al.
2000; Peek et al. 1998). A well-known example is the evolutionary relationship of pocket
gophers (Rodentia: Geomyidae) and their chewing lice (Phthiraptera, Trichodectidae) (?).
In this case, the parasite’s evolutionary tree almost mirrors the host’s tree (see Fig. 1.1).
This kind of dominance of co-speciation is usually seen in systems where opportunities
for the transfer of parasites to different host species (a process known as host switching)
is limited. Pocket gophers are fairly solitary burrowing animals with a narrow home-
range. Males venture outside their range only in the breeding season to seek mates. This
confined lifestyle presents minimal opportunities for host switching (Feldhamer et al.
2003; Monroe et al. 1999). Although host switching in these parasites is rare in nature,
laboratory experiments have shown that the chewing lice of pocket gophers are indeed
capable of host switching if they get an opportunity to do so. However, the new host
2
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in this case must be of a closely related species to their original hosts (Reed and Hafner
1997; Page 2003). We can then conclude that the strict co-speciation in this system is
driven mainly by the lack of sympatric (animals or plants of similar species or populations
co-occurring in the same habitat) host species, and the low dispersal abilities of these
wingless parasites (Reed and Hafner 1997; Smith 1965).
Figure 1.1: Evolutionary relationship of pocket gophers and chewing lice. Filled circles indicate co-
speciation events. Unfilled circles indicate host switching. Image is credited to Clayton et al. (2004)
Fahrenholz formulated his rule at a time when several studies had observed the narrow
range of hosts infected by many lice species (Kellogg and Snodgrass 1896; Fahrenholz
1913). Subsequent studies proceeded on the assumption that this rule held in general.
Later studies found exceptions. For example, Clay (1949) studied chewing lice infecting
several species of birds from the family Tinamidae and found that the parasite phylogeny
could not explain the host phylogeny in most cases. It is now widely accepted that true
congruence rarely occurs in nature (de Vienne et al. 2007).
1.2 Co-evolutionary scenarios
A succinct distinction between co-speciation and host switching is provided by Brooks
and McLennan (1991) where co-speciation is phrased as “association by descent” and
host switching is defined as “association by colonisation”. Association by descent was
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reported in crayfish flatworms, where close similarities between flatworms found in New
Zealand crayfish to Argentinian crayfish was put down to this process (von Ihering 1891).
The author suggested that Argentina and New Zealand must have been connected with
freshwater at some point for the parasites of these freshwater crayfish to exhibit such sim-
ilarities. Association by colonisation was explored by Wells et al. (2015), who reported
the transfer of parasites from native wildlife to invasive rats from species Rattus rattus
and R. norvegicus.
Co-speciation is one of several scenarios that can occur when hosts and their parasites co-
evolve (Fig. 1.2a). The primary distinction between co-speciation and other co-evolutionary
scenarios is that in co-speciation the parasite speciates whenever the host does, and the
descendants of the speciating parasite adapt to the corresponding descendants of the spe-
ciating host. Co-speciation usually takes a long time and occurs on a macro-evolutionary
scale. This could be a few decades or millions of years, depending on the host species.
It is difficult to predict when a parasite will co-speciate with its host, but as a rule of thumb,
parasites that are highly specific to their hosts tend to co-speciate with them. However,
in nature, a parasite devoted to a single host species is rare. Most parasites are either
moderately specific to their hosts or generalists that exploit many host species (Clayton
et al. 2015).
Host switching (Fig. 1.2b), on the other hand, is primarily an ecological phenomenon,
and usually occurs on relatively short time scales. For instance, the unavailability of food
sometimes causes a predator to change to a new prey species. When a predator changes
to a new species of prey, it may ingest new parasite species along with it. If the parasite
species are transmitted trophically (via consumption), and are able to colonise this new
host species, the host may become infected with these new species of parasites. In this
case, the parasites would have acquired a new host species by switching to this new host
(Cirtwill et al. 2016).
In nature, hardly any host-parasite system is completely dominated by either host switch-
ing or co-speciation. When we compare the evolutionary trees of most hosts and their
parasites, we can usually see evidence of both co-speciation and host switching. Shafer
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et al. (2009) provides an example of this in the case of parasites from genus Nosema, a
fungal parasite that infects several bee species. Even in the classic pocket gopher and
chewing lice example, a couple of instances of host switching occur (see Fig. 1.1) (Clay-
ton et al. 2004).
(a) Co-speciation (b) Host switch (c) Independent speciation
(d) Extinction (e) “Missing the boat” (f) Failure to speciate
Figure 1.2: Host-parasite co-evolution scenarios. The solid green region shows the lineage of the host,
while the black line within shows the lineage of the parasite. Adapted from Page (2003).
In the evolution of host-parasite association, host switching and co-speciation are the two
extremes of a continuum. Other scenarios can also occur in the co-evolution of hosts
and parasites (Page 1993). For instance, a parasite may speciate even when its host does
not (Fig. 1.2c); it may become extinct and fail to colonise any of the descendants of a
population (Fig. 1.2d); it may be unable to colonize all descendants of a host species
(Fig. 1.2e); or, it may fail to speciate altogether with the host (Fig. 1.2f). Where co-
speciation is the co-evolutionary process occurring in the host-parasite relationship, their
phylogenetic trees are usually congruent. In all the other scenarios, the resultant trees are
5
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generally incongruent (Page 2003).
When a parasite species switches host lineages (Fig. 1.2b), it successfully colonizes a
new host species, but may or may not speciate when this new host lineage later diverges
(Page 2003). Speciation following host switch is the cause of diversification of the modern
species of the genus Trichinella, a parasitic nematode causing food-borne illnesses, within
the past 20 million years (Zarlenga et al. 2006). If a parasite species switches hosts, and
subsequently speciates with its new host, then the parasite and its new host species are
considered to have co-speciated, even though their association began with host switching
(Ricklefs and Fallon 2002).
When a parasite speciates without the speciation of the host (Fig. 1.2c), it is called inde-
pendent speciation. It results in several closely related species of parasites inhabiting the
same host species. A phylogenetic analysis of petrels and penguins and their lice, from
the order Phthiraptera, indicated that eight duplication (or independent speciation) events
had occurred in this host-parasite system (Paterson et al. 1993).
Parasite extinction following host speciation (Fig. 1.2d), or the inability to inhabit all
the descendants of the speciating host (“missing the boat”, shown in Fig. 1.2e) can lead
to sorting events. These events eradicate the parasite from the host species (Paterson
et al. 1999). For instance, the absence of two parasitic louse species, Austromenopon
himantopi and Saedmundssonia platygaster, from New Zealand black stilts, Himantopus
novaezealandiae, could have resulted from such an event. These parasites are found in H.
himantopus, the closest relative of H. novaezealandiae. This could be either because these
parasites were missing from the birds that originally colonised New Zealand, or because
they became extinct following colonization as the population underwent a bottleneck (a
temporary reduction in size) (Freeman and Herron 2004; Paterson et al. 1999; Paterson
and Banks 2001).
Finally, sometimes, the parasite may not speciate even when its host does (Fig. 1.2f).
This usually occurs when the gene flow (the transfer of genes or gene variants from one
population to another) among the population of parasites is much higher than that of their
hosts (Johnson et al. 2003).
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1.2.1 The influence of ecology on co-evolution
Due to intricately interlaced host-parasite associations, a clear separation of ecological
influences that act on host species from those that act on parasite species is not always
possible (Penczykowski et al. 2016). For instance, whereas the availability of hosts can be
regarded as a characteristic of a parasite’s ecology, factors that enable a host’s availability
could ultimately be attributed to the ecology of the host species. Habitat fragmentation,
for example, can confine hosts to a limited space, increasing the abundance and diversity
of hosts in those fragments, and thereby providing opportunities for a parasite to spread
to other host species (Gillespie and Chapman 2008). Meinilä et al. (2004) found that the
transfer of monogenean parasites of grayling, Thymallus thymallus, to salmonid fish was
facilitated by the isolation of salmon into freshwater refugia following their isolation by
continental ice. For the purpose of this review, the term ecological parameters will be
used to mean the ecological characteristics of a host species that can influence parasite
transmission and colonisation success (Brown and Tellier 2011).
Ecological parameters influence all co-evolutionary scenarios, except for co-speciation.
Consider host switching for instance. When multiple host species occupy similar niches
and share habitats, the potential for the transfer of parasite species from one species of
host to another exists. This opportunity was exploited by monogenean parasites from
the family Polystomatidae when they spread from an exotic turtle species, Trachemys
scripta elegans, to two species of turtles, Emys orbicularis and Mauremys leprosa, native
to France (Verneau et al. 2011). In another example, Protostrongylus stilesi, a lungworm
parasitic to Dall’s sheep (Ovis dalli dalli), colonized the introduced muskoxen populations
(Protostrongylus stilesi) in regions where their habitats overlapped with that of Dall’s
sheep (Hoberg et al. 2002).
Alternatively, host switching can occur due to competition between parasite individuals
within the same host. Evidence of this type of influence can be seen in a study by Favret
and Voegtlin (2004), which looked at Cinara aphids that are parasitic to and feed on the
conifer Pinaceae. These aphids specialise to a particular feeding site on the hosts that
they parasitise. Aphids sharing the same feeding sites but on different host species were
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found to be more closely related to each other than those from the same host species,
but feeding at different sites. Favret and Voegtlin (2004) suggest that the closely-related
aphids were previously competing for the same resource on the same hosts, and some
individuals switched to a different host species to avoid this competition without having
to change feeding sites.
Competition between parasites infecting a single host species can also lead to independent
speciation of the parasite in that host species. For example, the process of diversification
of gill flukes of genus Dactylogyrus within its freshwater fish hosts was likely a result of
competition and over-crowding. It was discovered by Ŝimková et al. (2004) that this com-
petition and the inability to avoid it by switching hosts (due to their strict host-specificity)
may have led to independent speciation as some individuals avoided competition by pur-
suing different niches within the host species.
“Missing the boat”, or the failure of a parasite species to colonise all descendants of
a speciating host, can also be influenced by ecological parameters. For instance, the
migration of a small number of founding host individuals to a new region, also known as a
founder event, can cause this to occur in a host-parasite system (Barton and Charlesworth
1984). If the few founding members of the host species lack certain lineages of parasites,
it is likely that the parasite will be lost forever in the new population. This was one of
the possible causes for the loss of two parasite species (Austromenopon himantopi and
Saedmundssonia platygaster) from New Zealand black stilts, discussed earlier (Paterson
and Banks 2001). This is analogous to the incomplete lineage sorting that occurs in
population genetics: when some of the alleles are lost from the population due to selection
or random events, it can lead to incomplete lineage sorting. In “missing the boat”, rather
than genes being lost from a population, it is the lineage of parasites that becomes lost
from a host population (Paterson and Banks 2001).
A parasite may fail to speciate with its host when it is able to maintain high levels of
gene flow through migration. For instance, feather lice of the genus Columbicola failed
to speciate with their hosts, Streptopelia vinacea and S. capicola (Johnson et al. 2003).
These species of dove are allopatric to each other (living in non-overlapping geographic
locations). The presence of another species of dove, S. senegalensis, and a pigeon species,
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Oena capensis, each sharing the same geographical locations with both S. vinacea and S.
capicola, facilitated gene flow between lice populations, preventing the parasite’s specia-
tion in response to speciation in the host (Johnson et al. 2003).
1.3 Host-specificity
The host-specificity of a parasite species is a measure of the number of host species it can
successfully colonise, and also of how closely related these host species are (Poulin and
Mouillot 2003b). Host-specificity is a crucial concept in understanding parasitic com-
munity structure and diversity (Kuris et al. 2007). For instance, Krasnov et al. (2006)
found that the aggregation of flea species on their hosts was determined by the degree of
host-specificity of the fleas.
To understand what determines host-specificity and why some parasites can infect certain
host species and not others, Euzet and Combes (1980) introduced a filter paradigm (Fig.
1.3). This paradigm states that there are two steps that act as a sieve to filter out unsuitable
hosts from getting infected by any parasite (Combes 2001). These are the encounter filter
and the compatibility filter. The encounter filter, based on biodiversity and the behavioural
characteristics of a host, filters out the hosts that a parasite never encounters (Combes
2001). For example, Poulin (1992), who studied the host-specificity in 15 genera of
metazoan parasites of Canadian freshwater fishes, found that the unavailability of suitable
potential host species was the main factor preventing parasites from infecting new species
of hosts. In this example, the encounter filter was closed.
Passage through the encounter filter alone is not sufficient if the parasite is to colonise a
host, and the compatibility filter must also be penetrated (Kuris et al. 2007). The com-
patibility filter excludes hosts that do not provide adequate spatial or metabolic resources
for the parasite. For instance, due to immunological incompatibility, Sacculina carcini, a
barnacle parasitic to the European green crab, Carcinus maenas, does not infect a native
European crab, Pachygrapsus marmoratus (Kuris et al. 2007). Even though the parasite
is able to penetrate the host, it is incapable of causing infection due to incompatibility
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(Kuris et al. 2007). Incompatibility can also be caused by, for instance, the lack of a suit-
able attachment sites (Randhawa and Burt 2008). When a parasite encounters a host, any
one of these filters or all of them may be open or closed. These filters are not constantly












Figure 1.3: Host-specificity filters illustrated in the form of a Venn diagram, derived from Combes (2001).
The circles represent sets of host species present in a geographical location. A parasite may infect a host if
it succeeds in passing through both the encounter and the compatibility filters, depicted by the overlapping
region of the two circles.
1.3.1 Host-specificity in ecological and evolutionary terms
In evolutionary terms, host-specificity is indicative of historical connections between
host and parasite species. Various factors can determine the degree of host-specificity
on macro-evolutionary and micro-evolutionary scales. On a macro-evolutionary scale,
a parasite species is likely to show increased host-specificity if, for instance, its host
species was isolated from other host populations, and the parasite species, without any
opportunity to switch hosts, speciated with its host. Such parasite species will follow
the phylogeny of their original host species. In other words, modifications will occur in
the lineage of the parasite which will enable it to continue parasitising its host species
whenever it changes in a way that would otherwise jeopardise the continuing ability of
the parasite species to infect it (Poulin 2007).
On the macro-evolutionary scale, the host-specificity of a parasite species can decrease
due to several factors. For instance, if at a later point a host species speciates into two
sister taxa and a parasite species from the original host continues exploiting both descen-
dant species, the host-specificity of the parasite species can decrease. This is evident in
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the case of wing lice, Columbicola, and their hosts, the African turtle doves, Streptopelia
(Johnson et al. 2003). A more common cause of decrease in host-specificity is the intro-
duction of new hosts to the system that the parasite is capable of exploiting (Johnson et al.
2003).
On micro-evolutionary scales, the availability of appropriate hosts and opportunities to
colonise them determine the host-specificity of a parasite. Such opportunities can be cre-
ated, for instance, by hybridisation. Hybridisation opens up a corridor for the parasite to
spread from its original host to a novel host. Consider the case of a monogenean parasite,
Diplozoon gracile, parasitic to cyprinids. One of its cyprinid hosts, Barbus meridion-
alis, hybridises with a barbel species Barbus barbus, thus creating an opportunity for the
parasite to infect B. barbus via the hybrid (Le Brun et al. 1992).
1.4 Motivation for this study
As mentioned previously, a parasite which speciates with its host species is usually highly
specific to that species of host and more likely to be connected to the fate of that host
species. In other words, if the original host species becomes extinct, the species of parasite
may face extinction as well. On the other hand, a parasite which is less specific to its host
and capable of switching host species is less likely to become extinct if its original host
does. Such a parasite is less vulnerable to threats imposed upon its host (Sheeler-Gordon
and Owen 1999; Roderick 1997; Barker 1994). Given that many species of skates are
vulnerable to and threatened by human activities, it is essential to establish the fate of
their parasites if the hosts do become extinct (Dulvy and Reynolds 2002).
The marine ecosystem is threatened by climate change and human occupations such as
fishing (Gray 1997; Halpern et al. 2007). Several species of skates are already declining
in numbers as a result of these stressors (Randhawa et al. 2015; Dulvy et al. 2000; Last
et al. 2016). Parasites constitute a large part of marine diversity. In addition, they are
an important component of marine food webs and a tremendous amount of energy flows
through them via trophic interactions (Wood et al. 2013). Therefore, it is essential to
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investigate the impact of host population decline on parasites (Altizer et al. 2007; Strona
2015).
In order to understand the dependence of parasite populations on their host species, a
skate-cestode model system is used in this study. Skates are an ideal model organism for
this study. They are marine fishes, with many highly-specific parasite fauna that closely
follow the ecology of their hosts (Caira and Jensen 2001). However, host-specificity varies
across different species of elasmobranch cestodes (Olson et al. 2010), and the influence
of ecological parameters is also evident in this system. The life history strategy of several
elasmobranch cestodes follows the ecology of their hosts (Rohde 2005). Furthermore,
infection by cestodes in many cases is influenced by host ecological parameters such as
diet and foraging behaviour (Reimchen and Nosil 2001; Pacala and Dobson 1988). This
mix of ecological and phylogenetic influences makes this an excellent and informative
model system for this study.
It is debatable whether co-speciation is important in the elasmobranch-cestode system.
Caira and Jensen (2001) investigated whether co-speciation is important in Onchoboth-
riidae, a family of cestode parasites, and their elasmobranch hosts. The findings did not
support the importance of co-speciation, and it was suggested that tight host-specificity is
not sufficient for co-speciation in this system. However, the authors recognised the lack
of data limiting the study. On the contrary, findings by Olson et al. (1999) suggest that
co-speciation is important in the evolution of tetraphyllidean cestodes of elasmobranchs.
1.5 Study organisms
Skates (Fig. 1.4a) and their cestode parasites (see Fig. 1.4b) were chosen to investigate the
importance of host phylogeny and ecology in the co-evolution of skates and cestodes. In
addition, the important ecological factors shaping host-parasite relationship in this system
were investigated. Skates were collected from various locations around the globe (see Fig.




(b) Parasite: Pseudoanthobothrium pur-
toni
Figure 1.4: Organisms used in this study: (a) Skate; the image is credited to Günther (1887). (b) Parasite:






Figure 1.5: Skates were collected from various locations around the globe: the Patagonian Shelf, near the
Falkland Islands; the North Sea, from the United Kingdom to Norway; the Bay of Fundy, near Canada; and
from the waters of the Pacific Ocean, near New Zealand. The sampling location in New Zealand was near




Skates are a very diverse group of marine fishes, belonging to the subclass Elasmo-
branchii, and encompassing 321 species (Last et al. 2016). Other members of this subclass
are sharks, rays and sawfishes. Skates belong to the order Rajiformes and superorder Ba-
toidea. Batoids (collectively known as ray fishes) consist of skates, rays and their allies.
Skates and other rays (such as electric rays and stingrays) are morphologically very sim-
ilar, although some major differences exist between them. Skates usually possess promi-
nent dorsal fins. Skates are also usually smaller than most rays (Ebert and Sulikowski
2008; Carrier et al. 2012). The order Rajiformes is further divided into four families:
Rajidae, Anacanthobatidae, Arhynchobatidae and Gurgesiellidae. All skates included in
this study belonged to the families Rajidae and Arhynchobatidae (Last et al. 2016).
Overall, the monophyly of subclass Elasmobranchii and superorder Batoidea is well sup-
ported through phylogenetic studies based on morphological as well as molecular data
(McEachran and Miyake 1990; Aschliman et al. 2012; Jacob et al. 1994). A monophyletic
group has a single common ancestor, which in turn has no descendants outside of the
group (Hennig 1965). Skates from the families Rajidae and Arhynchobatidae are both
considered monophyletic (Last et al. 2016).
Skates are hosts to parasitic roundworms (e.g. Pseudanisakis sp.) and tapeworms (ces-
todes). Cestodes are found in all elasmobranchs. There are nine orders of cestodes that
are known to infect elasmobranchs. These are Tetraphyllidea (sensu lato), Rhinebothri-
idea, Onchoproteocephalidea, Phyllobothriidea, Diphyllidea, Lecanicephallidea, Catheto-
cephalidea, Litobothriidea and Trypanorhyncha. Most adult cestodes inhabit the digestive
tract of their hosts (Caira and Jensen 2014; Rohde 2005). The effects of cestodes on their
skate hosts are not clear. However, there is some information on their effects on other
elasmobranch fishes. For instance, the larval cestode Hepatoxylon trichiuri is known to
cause gastric polyps (formation of masses of cells in stomach) in blue sharks, Prionace




Cestodes are parasitic worms belonging to the phylum Platyhelminthes (Olson et al.
2001). Members of this phylum are commonly known as flatworms. Cestodes are also
commonly known as tapeworms. They are divided into two major subgroups: the Cesto-
daria, and the Eucestoda. Cestodarians include the orders Gyrocotylidea and Amphilin-
idea, and Eucestodes include the remaining 17 cestode orders (Caira and Jensen 2014).
These worms lack a digestive system and absorb nutrients through a specialised outer
layer of the body known as the neodermis. Cestodes are transmitted through ingestion of
infected prey species (Rohde 2005). Several studies have found that most elasmobranch
cestodes, except tetraphyllideans, form a monophyletic group (Caira and Jensen 2014;
Mariaux 1998; Palm et al. 2009).
The cestode life cycle varies depending on whether the parasite is marine, amphibious or
terrestrial (Mackiewicz 1988). The life cycle of marine cestodes is poorly understood.
Tetraphyllidea (sensu lato) and Trypanorhyncha, are two of the better-studied orders.
General overviews of what is known of their life cycles are provided here.
Tetraphyllideans are divided into two groups, depending on whether they infect batoids
or sharks (Jensen and Bullard 2010). There seems to be three hosts in their life cycle,
but as many as five hosts may be involved. After the egg-bearing hexacanth embryo is
consumed by a copepod or a euphausid shrimp, the procercoid (first larval stage) devel-
ops. The next stage is a merocercoid or a plerocercoid, depending on the tapeworm taxa.
Tetraphyllidean merocercoids are found in the blubber or digestive systems of cetaceans
and pinnipeds. Tetraphyllidean plerocercoids are reported from invertebrates and teleosts.
Both these stages can survive passage through a paratenic host. A paratenic host is the
one that is not needed for the development of the parasite, but may form an important
part of the life cycle (Palm and Caira 2008). On consumption by an elasmobranch, these
stages transform into adults (Rohde 2005).
The hexacanth embryos of some trypanorhynchs are surrounded by cilia. After the eggs
are hatched, they exist briefly in a free swimming stage known as coracidium. In the





Figure 1.6: Life cycle of a Tryphanorhyncha cestode. Elasmobranchs are the definitive hosts, where the
parasite reaches maturity and lives in the spiral valve. Eggs of the parasite are excreted with faeces, which
upon ingestion by a copepod such as Tigriopus californicus, transform into larvae. The larval stage enters
a teleost fish such as Genyonemus lineatus. It reaches elasmobranchs after the fish is consumed by them
(Sakanari and Moser 1989). Image credits: Long (2015); State of California (2013); Erica (2008); Otava
(1925)
hosts. Other tapeworm orders usually only have one intermediate host. There are two
larval stages, the procercoid and the plerocercoid. In trypanorhynch the procercoids are
found in amphipods and copepods, and the plerocercoids are usually found in vertebrates
(typically teleosts and occasionally in sea turtles). Additionally, for Trypanorhyncha (and
most elasmobranch tapeworm taxa), paratenic hosts are sometimes involved. The life
cycle of a trypanorhynch parasite, as adapted from Sakanari and Moser (1989), is depicted
in Fig. 1.6.
1.5.3 Do ecological parameters influence the relationship of cestodes
with their hosts?
Several examples exist in the scientific literature that point towards the importance of
ecological parameters in influencing assemblages of cestodes in a particular host species
(Reimchen and Nosil 2001; Marcogliese 2002; Dunn 1963). Dunn (1963) studied infec-
tion by cestodes in Peruvian and Colombian monkeys. The study found that the species
of cestode infecting these hosts related to the diet of the host species, where insectivo-
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rous monkeys were infected by the cestode species that use arthropods as intermediate
hosts. For example, the Hymenolepis cestode infects spider monkeys from the genus Ate-
les. These monkeys are known to consume plants and insects. This parasite species is not
present in non-insectivorous host species (Dunn 1963).
Several other factors affect the ability of cestodes to colonise different host species. For
example, host body size and foraging depth were found to be important predictors of ces-
tode species richness in elasmobranch species in a study conducted by Randhawa and
Poulin (2010). In another example, intraspecific variation in infection by cestodes due to
geographical location was reported in the population of wild Japanese macaques from the
species Macacafi scata in 14 different locations (Gotoh 2000). Monkeys inhabiting re-
gions of Koshima and Yakushima were infected with more species of parasites, including
cestodes, compared to those living in the Shiga highland. This variation with geographi-
cal location was attributed to the climatic conditions and mean annual temperatures of the
regions where those inhabiting warmer regions harboured more parasitic species (Gotoh
2000).
1.6 Aims and hypotheses
1.6.1 Aims
There were two main aims of this research. The first aim has two components:
1. (a) To reconstruct the phylogenetic tree of the marine cestodes of skates (Raji-
formes) used in this study.
(b) To reconstruct the phylogenetic tree of skate species under investigation in
this study.





The following hypotheses were tested in this study:
1. (a) It was hypothesized that parasites from orders Tetraphyllidea (sensu lato),
Rhinebothriidea, Onchoproteocephalidea, Phyllobothriidea, Diphyllidea and
Trypanorhyncha would be found in this study. The phylogenetic trees of the
orders Rhinebothriidea, Onchoproteocephalidea, Phyllobothriidea, Diphyllidea
and Trypanorhynch were expected to be monophyletic. The phylogenetic tree
of Tetraphyllidea (sensu lato) was expected to be paraphyletic according to
previous findings (Caira et al. 2014). A group is considered paraphyletic if it
is contained entirely within one sub-tree that also contains members that are
not in the group. As the majority of the parasites included in this study were
expected to be monophyletic, it was hypothesized that the overall cestode phy-
logenetic tree will be monophyletic (Caira and Jensen 2014).
(b) Skates included in this study belong to the families Rajidae and Arhynchobati-
dae which are both considered to be monophyletic. Therefore the skates in-
cluded in this study were hypothesized to be monophyletic (Last et al. 2016).
2. It is predicted that phylogenetic factors will be important in determining the assem-
blages of cestodes in skates included in this study. This is because most parasites
included in this study are highly host-specific (Palm et al. 2009; Caira and Jensen
2001). However, in most co-speciating host-parasite systems, some instances of
host switching exist (?). As host switching is largely determined by ecological pa-
rameters, it is expected that ecological factors will also be important. Important
ecological parameters in this system will be foraging depth, diet, size and geo-
graphical location of the host (Rohde 2005). These parameters have been found to
be important in determining infection by cestodes in marine ecosystems (Reimchen
and Nosil 2001; Randhawa and Poulin 2010; Marcogliese 2002).
These aims are addressed in the following two chapters. Chapter 2 looks at the individual
phylogenies of skates and cestodes. Chapter 3 investigates whether phylogeny or ecology
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influence skate-cestode relationships. This chapter also explores which ecological param-
eters are important in shaping these relationships. Finally, Chapter 4 discusses the overall





Evolutionary histories of Rajiformes
(skates) and marine cestodes
2.1 Introduction
In order to understand host-parasite associations, we first need to understand the phylo-
genies of the hosts and parasites separately. Most methods of testing for co-speciation,
including the ones used in this study, work under the assumption that the host and para-
site trees are monophyletic (Caira and Jensen 2001), and therefore it is important to test
this feature of the study species. The lack of monophyly may imply that either the tree
or the taxonomy of the group is not well-resolved, or it may indicate incomplete lineage
sorting (a process where lineages fail to branch at the time of speciation). Whatever the
cause, a lack of monophyly may lead to unreliable results, since this will violate the base
assumptions of many co-speciation testing algorithms (Hennig 1965). This criterion will
be investigated in this chapter using phylogenetic trees of the model organisms, skates
and cestodes.
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→ Family: Rajidae, Anacanthobatidae, Arhynchobatidae and Gurgesiellidae
Figure 2.1: Classification of skates (Ebert and Sulikowski 2008; McEachran and Dunn 1998; Last et al.
2016).
2.1.1 Skates
Skates are cartilaginous fishes, having skeletons that are made up of cartilage rather than
bones. Other cartilaginous fishes include sharks, rays, sawfishes and chimeras. Together
they form the class Chondrichthyes. There are two major subgroups of this class: the
Holocephali, which includes chimeras and ghost sharks, and the Elasmobranchii which
consists of sharks, sawfishes, skates and rays (see Fig. 2.1). In the subclass Elasmo-
branchii about 1,250 species are currently recognised (Last et al. 2016). Sharks constitute
about 45% of the species in this subclass, and the remaining 683 species are batoids (Last
et al. 2016). The superorder Batoidea consists of rays, skates and their allies. Skates form
a highly speciose group consisting of about 321 species (Last et al. 2016).
Batoidea includes the orders Rhinopristiformes (shovelrays and their allies), Rajiformes
(skates), Torpediniformes (electric rays), and Myliobatiformes (stingrays and their al-
lies). Skates (Rajiformes) may have diamond or kite-shaped morphologies or they may
be rounded (Carrier et al. 2012; Bizikov et al. 2004). They can be distinguished from
other rays by their prominent dorsal fins (see Fig. 2.2). Stingrays (Myliobatiformes) can
be distinguised from skates by their stinging spines. Although the tails of many skates
possess thorny structures, these fishes are harmless to humans. The family Rhinopris-
tiformes include sawfishes and guitarfishes. Guitarfishes differ from skates in having a
more elongated body and shovel-shaped disc. They also possess a shark-like tail. Saw-
fishes are also morphologically somewhat similar, although easily distinguishable by their
elongated snout and serrated rostrum (a projecting snout) (Last et al. 2016). Electric rays
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with their tails and the caudal fins (Last et al. 2016). Skates also possess electric organs,
but in electric rays they are much larger, visible, and kidney shaped, occupying most of
the disc (Last et al. 2016). The discharge of electric rays is strong and is either used as a
defence mechanism or as a predatory strategy for stunning prey. In skates these discharges
are much weaker, and mostly used for communication (Last et al. 2016).
All skates are grouped under the order Rajiformes, which is divided into four families.
This classification has been possible due to the work of several researchers (McEachran
and Miyake 1990; McEachran and Dunn 1998; Naylor et al. 2012a, 2005; Last et al.
2016). One of the earlier taxonomic investigations of skates was conducted by McEachran
and Miyake (1990) who noticed a set of two distinct morphological characteristics among
skates. They divided these fishes into two distinct groups based on the differences in
their morphologies. They discovered that one of the groups shared three synapomorphies
(shared derived characters) (Hennig 1965): basihyal cartilage with lateral projections, a
spoon-shaped ventral terminal cartilage of the claspers, and parallel arrangement of dorsal
and ventral terminal cartilages. The members of the second group had clasper glans (the
open posterolateral or posterodorsal area of the clasper) that were greatly expandable and
had component shields (Hamlett 1999). A later study by McEachran and Dunn (1998)
placed the skates in the first group into a new subfamily, Arhynchobatinae, and those in
the second group were subsumed under the subfamily Rajinae. This placement of skates
into two sub-families was disputed by Aschliman (2011), who argued that Rajidae should
not be divided into multiple subfamilies.
Along with dividing skates into two sub-families, McEachran and Dunn (1998) placed all
skates into a single family, Rajidae. Later, Compagno (1999) divided skates into three
families: Anacanthobatidae, Arhynchobatidae and Rajidae. Recent molecular studies
have provided support for the establishment of a fourth family, Gurgesiellidae (Last et al.
2016). This family was provisionally elevated by Last et al. (2016).
The family Anacanthobatidae includes genera Anacanthobatis, Indobatis, Schroedero-
batis, Spingeria and Sinobatis. The family Gurgesiellidae includes genera Gurgesiella,
Cruriraja, and Fenestraja. Arhynchobatidae includes genera Arhynchobatis, Atlantoraja,
Bathyraja, Brochiraja, Insentiraja, Irolita, Notoraja, Pavoraja, Psammobatis, Pseudo-
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raja, Rhinoraja, Rioraja and Sympterygia. The family Rajidae includes genera Am-
blyraja, Beringraja, Breviraja, Dactylobatus, Dentiraja, Dipturus, Hongeo, Leucoraja,
Malacoraja, Neoraja, Okamejei, Orbiraja, Raja, Rajella, Rostroraja, Spiniraja and Zear-
aja.
2.1.2 Evolutionary history of skates
Elasmobranchs appeared very early in the evolution of life on Earth. The group originated
some 400 million years ago and many extant lineages have survived all mass extinctions
since this time (Carrier et al. 2012). The major lineages of batoids are believed to have
originated fairly rapidly from the Triassic (227 to 205 mya) into the Jurassic period (205
to 144 mya) and continued into the Cretaceous period (144 to 65 mya) (Aschliman 2011).
Sharks and batoids are each considered monophyletic groups (Kriwet et al. 2009; Douady
et al. 2003; Müller and Henle 1841). Early studies based on morphological data first
suggested this (Bigelow and Schroeder 1948, 1953). More modern studies using mor-
phological data proposed that batoids are derived from sharks, and are closely related to
sawsharks and angelsharks (Compagno 1977; Shirai 1996). This hypothesis, which im-
plies that sharks are paraphyletic, is also known as the Hypnosqualea hypothesis (Douady
et al. 2003). However, molecular data refutes this hypothesis and suggests that batoids are
a sister group to sharks, and that sharks and batoids are both monophyletic (Kriwet et al.
2009; Douady et al. 2003).
Phylogenetic studies of batoids are relatively few (Carrier et al. 2012), and most are based
on morphological characteristics. The era of modern morphological-based studies began
with a phenetic study based solely on similarities between characteristics (regardless of
ancestry), conducted by Compagno (1973). This was followed by a cladistic approach
which attempted to consider shared ancestry (Compagno 1977; Hennig 1965). Since
then, several authors have used morphological characteristics to define batoid phylogeny
(Maisey 1984b,a; Heemstra and Smith 1980). Although molecular data has been em-
ployed in phylogenetic studies of this group, it is mostly in disagreement with the phylo-
genies based on morphological characteristics (Aschliman et al. 2012). For instance, mor-
25
Chapter 2. Evolutionary histories of Rajiformes (skates) and marine cestodes
phological data suggests that skates are derived from batoids, nested within guitarfishes.
Molecular analysis on the other hand, indicates that skates are a sister group (closest
relative) (Freeman and Herron 2004) to all other extant batoids, including guitarfishes
(Aschliman et al. 2012).
Figure 2.3: Batoid phylogenetic tree, based on recent molecular analysis, obtained from Last et al. (2016).
The tree is produced by maximum likelihood analysis run on sequences generated using mitochondrial
genome.
In the most recent treatment of batoid classification, molecular data are used to address
several of the issues highlighted in Aschliman et al. (2012). Novel results presented in
Last et al. (2016) include: the Myliobatiformes and Zanobatidae forming a sister group
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to the Rhinopristiformes; the Torpedinformes and Platyrhinidae forming a sister group to
Rhinopristiformes; and the Rajiformes forming the most basal ray group (a novel result
compared to previous morphological studies). However, this most recent proposed classi-
fication of batoids, based on mitochondrial genes, is not without debate. For instance, the
proposed placement of Platyrhinidae is not strongly supported and contradicts the mor-
phological data available. Despite these issues, the molecular hypothesis of Last et al.
(2016) resolves most ordinal-level relationships, including the Rajiformes. A phyloge-
netic relationship obtained from Last et al. (2016) is depicted in Fig. 2.3.
Support for the monophyly of the order Rajiformes (that contains all skates) as well as
three of its families (Rajidae, Anacanthobatidae and Arhynchobatidae) is now unequivo-
cal (Aschliman 2011; Chiquillo et al. 2014; Naylor et al. 2012b; Last et al. 2016). Naylor
et al. (2012b) constructed a batoid phylogeny using the NADH2 gene marker, and found
that the majority of studied species of skates fell under monophyletic groups. Chiquillo
et al. (2014), who investigated the phylogenetic relationship of family Rajidae using three
genes, found support for the monophyly of the members of this family. The same cannot
be said about the family Gurgesiellidae, which may be polyphyletic (Last et al. 2016).
Although the families Rajidae, Anacanthobatidae and Arhynchobatidae are considered
monophyletic, uncertainity exists regrading the monophyly of several genera within these
families (Last et al. 2016; Naylor et al. 2005). For instance, Chiquillo et al. (2014) found
that despite the elevation of several subgenera to genera, the genus Raja remains poly-
phyletic, and also highlighted the need for further taxonomic revision of this group. Nay-
lor et al. (2012b) found evidence against the monophyly of some genera. They reported
that Okamejei were monophyletic only if Okamejei jensenae was excluded. In addition,
the genus Dipturus caused some confusion. This genus was monophyletic only if the
species that had been moved from this genus into a new genus, Zearaja, were included.
These species include Z. nasuta, Z. chilensis and Z. maugeana. The authors emphasized
the need to further describe some of the species currently placed under the genus Dip-
turus, such as D. linteus.
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2.1.3 Cestodes
Cestodes, or tapeworms, are commonly found parasites of skates. The class Cestoda
is estimated to contain over 13,000 species of cestodes, most of which are expected to
be found in the marine environment (Strona and Fattorini 2014; Rohde 2005). There
are 17 known orders of Eucestoda, or true cestodes (hereforth referred to simply as
cestodes). These include Bothriocephalidea, Caryophyllidea, Cathetocephalidea, Cy-
clophyllidea, Diphyllidea, Diphyllobothriidea, Haplobothriidea, Lecanicephalidea, Lito-
bothriidea, Nippotaeniidea, Onchoproteocephalidea, Phyllobothriidea, Rhinebothriidea,
Spathebothriidea, Tetrabothriidea, Trypanorhyncha and Tetraphyllidea (sensu lato) (Caira
et al. 2014). In addition to these, there are two orders of cestodarians, Gyrocotylidea and
Amphilinidea (Rohde 2005). One of the morphological distinctions between eucestodes
and cestodarians is the presence of proglottids and scolices in eucestodes. Proglottids are
a chain of compartments containing a complete sexually mature reproductive system. A
scolex is a hold-fast organ in the anterior of the worm containing hooks and spines for
attaching to the host (Rohde 2005).
Of the 19 orders in the class Cestoda, nine are found in elamobranchs (Caira et al. 2014).
These are Diphyllidea, Trypanorhyncha, Litobothriidea, Lecanicephalidea, Rhineboth-
riidea, Cathetocephalidea, Phyllobothriidea, Onchoproteocephalidea, and Tetraphyllidea
(sensu lato). An important distinguishing feature among various cestode orders is the
shape of their scoleces. An overview of these distinguishing scolices from cestode orders
infecting elasmobranchs is provided in Fig. 2.4 (Caira and Jensen 2014). A complete list
of published records of cestodes from various skate species was compiled from scientific
literature during the preliminary background research for this study and is presented in
Appendix A.
2.1.4 Evolutionary relationship of cestodes
Cestodes of elasmobranchs have undergone various taxonomic revisions. Until about the
beginning of this century, just four orders of elasmobranch cestodes were recognised. The
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Figure 2.4: Scanning electron micrographs showing different scolices of species from the nine orders
of cestodes that infect elasmobranchs: (A) Diphyllidea (Halysioncum bonasum); (B) Trypanorhyncha
(Rhinoptericola megacantha); (C) Litobothriidea (Litobothrium nickoli); (D) Lecanicephalidea (Seussapex
karybares ex Himantura uarnak 2 sensu lato Naylor et al. (2012a)); (E) Rhinebothriidea (Rhabdotoboth-
rium anterophallum); (F) Cathetocephalidea (Disculiceps sp.); (G) Phyllobothriidea (Paraorygmatoboth-
rium sp.); (H) Onchoproteocephalidea (Acanthobothrium sp.); (I) Tetraphyllidea (Calliobothrium schnei-
derae); (J) Tetraphyllidea (Pedibothrium brevispine). The image is credited to Caira and Jensen (2014).
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current nine recognised orders are largely an outcome of the establishment of new orders
from the order Tetraphyllidea (sensu lato) (Caira and Jensen 2014). The first order to
arise from the disentanglement of this order was Litobothriidea in 2001 (Olson and Caira
2001), followed by Cathetocephalidea in 2005 (Caira et al. 2005), and then Rhinebothri-
idea in 2009 (Healy et al. 2009). A recent study in 2014 established further new orders
Phyllobothriidea and Onchoproteocephalidea (Caira et al. 2014). However, about 30 gen-
era and some 90 species still remain under Tetraphyllidea (sensu lato) (Caira and Jensen
2014).
Tetraphyllidea (sensu lato) has always been an issue for evolutionary biologists. This is
largely due to the paraphyly of this group. Despite recent attempts to resolve the phy-
logeny of this group, several of its members neither fit with any of the existing groups nor
do they cluster together — the group remains paraphyletic (Caira and Jensen 2014). Tet-
raphyllideans are thus considered an “unfortunate choice” for evolutionary study (Caira
and Jensen 2001). All other orders of elasmobranch cestodes are considered monophyletic
(Caira and Jensen 2014; Mariaux 1998; Palm et al. 2009). However, some authors argue
that the order Rhinebothriidea may not be monophyletic (Reyda and Marques 2011; Healy
et al. 2009).
2.1.5 Aims and hypotheses
Two main aims were addressed in this chapter: 1) to test the monophyly of marine skates
included in this study, and 2) to investigate the monophyly of cestodes infecting the skates
examined in this study. Skates from two monophyletic families, Arhynchobatidae and
Rajidae, were included. Therefore, they were expected to be monophyletic (Naylor et al.
2012b; Chiquillo et al. 2014). All parasite orders, except Tetraphyllidea (sensu lato), were
expected to be monophyletic (Caira and Jensen 2014). As the majority of the parasites
used in this study are monophyletic, it was hypothesized that the overall parasite tree




In order to fulfil the aims, a suite of laboratory and computational techniques were used.
The concatenated host phylogenetic tree created using NADH2 and COI gene markers,
and the parasite phylogenetic tree created using the 28S gene marker, were used in ad-
dressing the aims of this chapter as well as those of Chapter 3. Additional host and parasite
phylogenetic trees were also created and were used for comparative purposes only in this
chapter. Molecular data were gathered from the following sources:
1. Samples of rough skates, Zearaja nasuta, were collected by fishermen on board the
Echo fishing vessel off the coast of the Catlins in the South Island of New Zealand
in February 2016.
(a) Host tissue samples were taken from these fish for carrying out sequencing
work.
(b) Parasites were dissected out of these fish and identified under the microscope
to species or genus level (whatever was possible). These parasites were also
sequenced in this study.
2. 18 species of skates, and their parasites, were previously sampled from the Falkland
Islands, Bay of Fundy and the North Sea (see Table 2.2). These were donated to
this study by Dr Haseeb Randhawa.
(a) The parasites were already sequenced, and the resulting data was used in this
study as-is.
(b) Sequences for some of the host species were available on GenBank, and were
therefore included.
(c) For the remaining host tissue samples, molecular work was performed in this
study using the same procedure as was used for the Z. nasuta samples de-
scribed above.
Tissue samples and parasite specimens used in this study have been deposited with the
Otago Museum. A table of accession numbers is provided in Appendix B.
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2.2.1 Dissection
In total eleven rough skates (Z. nasuta) were sampled in this study. Sex and size were
noted to identify any differences in parasitic assemblages due to these factors. Size was
measured from the tip of the snout to the tip of the caudal fin of the skate. Sex was
easily determined by the presence of claspers in males (Fig. 2.2) and ovaries in females
(Fig. 2.5). However, for consistency, these factors were not included in the analysis of
ecological parameters in Chapter 3. Ecological information from all species was obtained
from published literature for consistency and to eliminate bias.
The ventral side of the skate was cut open with a pair of scissors. About 2-3 mm of the
muscle tissue from the underside of the opened skin flap was removed and a similarly-
sized piece of liver was removed from each skate. These samples were immediately
placed in 95% ethanol. The spiral valve was removed from the fish and placed in a jar
filled with 1 part of baking soda and 50 parts of saline solution (20% sea water). The spiral
valve was slit along its length while being poured into the jar and then shaken vigorously
(with the lid closed) to allow the contents to mix well in the solution. The jar was allowed
to rest for a few hours, allowing the contents of the valve, including parasites, to settle to
the bottom. After this, the liquid from the jar was periodically decanted into a petri dish
to examine it for parasites under a dissection microscope. Parasites were removed and
placed into a dish of saline. They were identified at least to genus level and to species
level where possible, cleaned with a thin paint brush to remove parts of the host’s spiral
valve and mucus residue and then placed into 95% ethanol.
2.2.2 Molecular analysis
For host phylogeny, 1044 bp of the NADH dehydrogenase subunit 2 (NADH2) gene was
amplified following the protocol from Naylor et al. (2012a) with modified PCR protocol
and primers as discussed later in this section. In addition, about 650 bp of the cytochrome
oxidase I (COI) gene was amplified. These are both protein-coding mitochondrial genes.










Figure 2.5: Internal anatomy of a female skate.
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for some of the species were supplemented using GenBank, and COI and NADH2 se-
quences were available for the majority of the species used in this study. Therefore, both
mitochondrial genes were used in a partitioned model (Lanfear et al. 2012). NADH2 is
a relatively fast-evolving gene and COI is a relatively slow-evolving gene. These genes
were analysed in partitioned analysis using PartitionFinder, described in a later section in
this chapter (Lanfear et al. 2012). Ideally, a nuclear gene would also have been used, but
as many of the species used in this study did not have any nuclear sequences available on
GenBank, two mitochondrial genes were used instead.
For parasite phylogeny, about 1800 bp of the large subunit ribosomal DNA (also known as
28S) was amplified (Harper and Saunders 2001). The region included the D1-D3 domain
of 28S, which captures a sufficient amount of variation between species and is commonly
used in phylogenetic studies of tapeworms. As a majority of the parasite species were
already sequenced using nuclear 28S rDNA, and additional material was not available for
further sequencing of these parasites, only one gene marker was used.
The protocols for extraction, amplification and purification of COI, NADH2 and 28S
genes are similar. For extracting DNA, a few strands of the host muscle tissue and a small
section of the parasite were removed. In both cases, DNA was extracted using a chelex
extraction protocol, described in Casquet et al. (2012). The protocol described in Casquet
et al. (2012) was slightly modified by adding a centrifugation stage where the samples
were spun at 36000 rpm for ten minutes before incubation. For all three genes, the PCRs
were performed using a total volume of 20 µL, using 5x MyTaq Red Reaction Buffer Kit
(Bioline (Aust) Pty. Ltd 2016). For 0.5 µL of DNA template, the amount of 5x buffer
used was 5 µL. 0.1 µL of Taq was used, and 0.35 µL each of forward and reverse primer
at 10 µM concentration.
Between 0.5 µL to 3 µL of NADH2 gene template was amplified in a Mastercycler pro
S. The amplification protocol was as follows: initial denaturation for 4 minutes at 94 °C
followed by 38 cycles of: denaturation for 30 seconds at 94 °C, annealing for 30 seconds
at 50 °C, extension for 2 minutes at 72 °C and the final extension for 7 minutes at 72
°C (Naylor et al. 2012a). 3 µL of COI gene template was amplified as follows: initial
denaturation for 2 minutes at 94 °C followed by 35 cycles of denaturation for 30 seconds
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Table 2.1: Primers used in this study.
Gene Primer Type Sequence
COI COI_Raja_F Forward 5'-CTT TGG TCA CCT GAA GTA TAT-3'
COI COI_Raja_R Reverse 5'-TAA GCA TCT GGG TAG TCT GAA TA-3'
NADH2 ILEM Forward 5'-AAG GAG CAG TTT GAT AGA GT-3'
NADH2 ASNM Reverse 5'-AAC GCT TAG CTG TTA ATT AA-3'
NADH2 Skate_INT_F Forward 5'-GGA TCC CAC TGA CTT CTA G-3'
NADH2 Skate_INT_R Reverse 5'-GAG GTG GTC AAG AGG ATG AG-3'
28S T01N Forward 5'-GAT GAC CCG CTG AAT TTA AG-3'
28S T13N Reverse 5'-GCA CCT GAG TTG TTA CAC ACT-3'
28S T16 Forward 5'-GAG ACC GAT AGC GAA ACA AGT AC-3'
28S T30 Reverse 5'-TGT TAG ACT CCT TGG TCC GTG-3'
at 94 °C, annealing for 4 minutes at 52 °C, extension for 1 minute at 72 °C, and the final
extension for 10 minutes at 72 °C (Spies et al. 2011). 0.5 µL of 28S gene template was
amplified using the following protocol (Randhawa et al. 2008): initial denaturation for 4
minutes at 94 °C, 34 cycles of: denaturation for 30 seconds at 94 °C, annealing for 30
seconds at 50 °C, extension for 90 seconds at 72 °C, and the final extension for 7 minutes
at 72 °C.
Both host and parasite DNA were purified using the PureLink Quick Gel Extraction
Kit following the manufacturer’s protocol (Life Technologies 2011). Purified DNA was
sent to Genetic Analysis Services, at the Department of Anatomy, University of Otago,
Dunedin, New Zealand, for sequencing. The primers used for amplifying and sequenc-
ing COI genes were forward primer COI_Raja_F and reverse primer COI_Raja_R. These
primers were modified from the COI_RajaF and COI_RajaR primers used in Spies et al.
(2011). For NADH2, the primers used for amplification were forward primer ILEM and
reverse primer ASNM, as described in Naylor et al. (2012a). These primers were used for
sequencing as well along with the pair of PCR primers and a pair of additional internal
primers, namely forward primer Skate_INT_F and reverse primer Skate_INT_R (Naylor
et al. 2012a). Primers used for amplifying and sequencing 28S were PCR forward primer
T01N and reverse primer T13N. Sequencing was performed with forward and reverse
primers as well as additional internal primers, namely the forward primer T16 and the
reverse primer T30 (Harper and Saunders 2001). See Table 2.1 for primer sequences.
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All NADH2, COI and 28S reads were assembled in Geneious (v 8.0.5) (Kearse et al.
2012). The low-quality ends of each read were removed, and ambiguous bases were
marked for later resolution. A contig was formed for each sample using all forward and
reverse reads obtained from Genetic Analysis Services. This enabled the use of overlap-
ping reads to resolve ambiguities where possible and improve the accuracy of the final
sequence. The resulting sequences were checked by performing a BLASTn query to ver-
ify that the closest match was of the same gene and species, or at least a closely-related
species in cases where the same species was not in the database (McGinnis and Madden
2004).
2.2.3 Phylogenetic analysis
The first step in phylogenetic analysis was to produce multiple-sequence alignments for
each of the three genes under investigation. Sequences from all sources — GenBank,
previously-sequenced data for parasites, and the results of the molecular work described
above — were combined into one file for each gene, and relevant outgroups were added.
For host genes (NADH2 and COI), the outgroups used were Hydrolagus colliei (spot-
ted rat fish) and Heptranchias perlo (sharpnose sevengill shark) (Aschliman et al. 2012).
For the parasite gene (28S), the outgroups used were Gyrocotyle rugosa (a cestode of
chimaeras from Cestodarian order Gyrocotylidea) and Monostephanostomum nolani (a
digenetic trematode) (Poddubnaya et al. 2006; Caira et al. 2014). As cestodes of elasmo-
branchs are a very diverse group, a cestodarian and a digenean parasite (members of the
same phylum as cestodes, Platyhelminthes) have been considered by previous authors to
be suitable outgroups (Caira et al. 2014).
Due to the mixture of sources and sequencing methods, the sequences were of varying
lengths. In particular, many of the sequences obtained from GenBank were longer than
the region of interest. Before alignment, the region of interest was identified via a simple
search for base pair subsequences known to exist at the start and end, and the longer se-
quences were trimmed down to size. Multiple-sequence alignment was then performed on
the files for each gene using the MUSCLE algorithm provided in Geneious (Edgar 2004).
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The results were inspected to ensure that sequences had not shifted excessively, which
could have indicated mismatched data or misidentified regions. The aligned sequences
for NADH2 and COI were joined for each sample to produce a single concatenated host
alignment. In cases where one of the two were not available for a given species, the
relevant portion of the concatenated sequence was filled with ? characters.
Using the 28S parasite alignment and the concatenated host alignment, phylogenetic trees
were produced for each using MrBayes (v 3.2) (Ronquist et al. 2012), with partition set-
tings selected by PartitionFinder (v 2.1.1) (Lanfear et al. 2012). PartitionFinder was in-
structed to find appropriate MrBayes partition settings for the 28S alignment using three
blocks (one for each reading frame), and for the concatenated alignment using six blocks
(one for each reading frame within each of the two genes). In both cases, PartitionFinder
was instructed to find a model using the AICc selection criterion. The remaining MrBayes
settings were common to both trees. The GTR model was specified with inverse-gamma
rate variation within partitions. Rates were allowed to vary across partitions. MCMC was
run for 600,000 generations sampling every 8,000 generations, with 250 generations of
burn-in.
The resulting trees were converted to ultrametric form using the function chronopl in
CRAN package “ape” in R (v 3.3.2), so that the final trees were proportional to time, with
aligned tips (Paradis et al. 2004; R Core Team 2016). This was done as all the species used
in the study are extant species. Ideally, the trees would be time-calibrated, as a lack of
estimates of time makes predictions regarding co-speciation and host-switching difficult.
However, as fossil records for parasites were difficult to obtain to calibrate the parasite
tree, this tree could not be time-calibrated. As it is not worth calibrating one tree without
calibrating the other, the host tree was not calibrated either (Vienne et al. 2013). Some
authors calibrate the parasite tree based on the divergence time of the host. However, this
is not appropriate for this study as by doing so we deliberately assume and incorporate
effects of co-speciation into our analysis (Olson and Caira 2001).
In addition to the concatenated host tree described above, individual trees based solely
on each of the NADH2 and COI genes were constructed for comparison. These used
the same MrBayes settings as the 28S and concatenated trees, but with different Parti-
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tionFinder settings. For each of these additional trees, PartitionFinder was instructed to
choose partition settings using three blocks (one per reading frame).
MrBayes uses Bayesian statistics to come up with the most probable tree. For comparison,
a maximum likelihood approach was used to generate another set of trees using RAxML
(v 8.2.10), with settings again suggested by PartitionFinder (Stamatakis 2006). One tree
was generated in RAxML to compare against each of the trees generated by MrBayes.
2.3 Results
2.3.1 Dissection
Dissection of Z. nasuta revealed three Echeneibothriinae species (type 1, type 2 and
type 3) belonging to the order Rhinebothriidea and two Acanthobothrium species (Acan-
thobothrium wedli and Acanthobothrium sp.) from the order Onchoproteocephalidea (Healy
et al. 2009; Caira and Jensen 2014). Type 2 and 3 are very similar in morphology and the
only distinction between the two is the shorter proglottid of type 3. As the proglottid
could either be inherently short or could have been cut off, only molecular analysis could
confirm whether these were two distinct types or just one.
2.3.2 Molecular analysis
Of the five species of parasites found from Z. nasuta, sequences of three of these parasite
species could be included in this study. Two of the Echeneibothriinae parasites, type 2
and type 3, could not be successfully amplified either in this study or in previous studies
performed between 2005-07. Thus, it could not be confirmed whether there were two
distinct species (i.e. type 2 and type 3), or a single species (type 3 with missing part
of the proglottid). 28S sequences for Echeneibothriinae type 1 and Acanthobothrium sp.
were already generated and these were included in the study. A sequence from Acan-
thobothrium wedli was generated in this study and was included in the final alignment. In
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addition to these three cestode sequences, 61 previously generated sequences provided by
Dr. Haseeb Randhawa were included in this study. These parasites were obtained from
the skate species used in this study.
Tissue samples from 18 species of skates were available for sequencing in this project.
These included Z. nasuta sampled in this project, as well as the 17 species sampled in
previous years and donated to this study. Of these 18 species, NADH2 sequences for 12
species were successfully generated. The NADH2 sequence for Psammobatis sp. 2 could
not be generated and only the COI gene sequence was used for this species. NADH2
sequences for 7 species were obtained from GenBank. These included the two species
whose tissue samples were not available, but for which parasite sequences were available.
These species were Leucoraja ocellata and Leucoraja erinacea. COI sequences were
generated for Psammobatis sp. 1, Psammobatis sp. 2, Psammobatis sp. 3, Bathyraja
multispinus, and Zearaja nasuta. COI sequences for 15 species were obtained from Gen-
Bank. In total, 20 species of skates were included in the final analysis. Full details are
provided in Table 2.2.
2.3.3 Phylogenetic analysis
The parasite tree created by MrBayes in this study consisted of cestodes from orders
Trypanorhyncha, Rhinebothriidea, Phyllobothriidea, Onchoproteocephalidea and Diphyl-
lidea. All but two parasitic orders were monophyletic (Fig. 2.6). Rhinebothriidea and
Phyllobothriidea were not monophyletic. No tetraphyllidean parasites were present in the
analysis. The overall tree was monophyletic. The non-monophyly of the two parasite or-
ders would not hinder the subsequent analyses in chapter 3 as the criterion for the overall
monophyly of the parasite tree was fulfilled.
In addition, Zyxibothrium kamienae, currently placed under the order Phyllobothriidea
clustered closer to Rhinebothriidea in this study with a≥ 95% posterior probability value.
This species was distant from Guidus sp. which also belongs to the order Phyllobothri-
idea. Furthermore, Phyllobothrium piriei, currently placed under the order Phyllobothri-
idea, clustered among Anthocephalum from the order Rhinebothriidea also with a ≥ 95%
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Table 2.2: Sources of host sequences used in this study. Where sequences for a particular gene were
obtained from GenBank, the relevant accession number is quoted.
Species Location NADH2 COI
Amblyraja doellojuradoi Falkland Islands JQ518862 EU074312.1
Amblyraja radiata Falkland Islands Sequenced JN312484.1
Bathyraja albomaculta Falkland Islands Sequenced EU074328.1
Bathyraja brachyurops Falkland Islands JQ518756.1 KP975539.1
Bathyraja cousseauae Falkland Islands Sequenced EU074338.1
Bathyraja griseocauda Falkland Islands JQ518757.1 EU074345.1
Bathyraja macloviana Falkland Islands Sequenced EU074349.1
Bathyraja magellanica Falkland Islands Sequenced EU074353.1
Bathyraja multispinus Falkland Islands Sequenced Sequenced
Bathyraja scaphiops Falkland Islands Sequenced EU074366.1
Leucoraja erinacea Bay of Fundy JQ519116.1 KF930049.1
Leucoraja naevus North Sea JQ518877.1 KJ204952.1
Leucoraja ocellata Bay of Fundy JQ518878.1 KF930050.1
Malcoraja senta Falkland Islands JQ518882.1 JF895053.1
Psammobatis sp. 1 Falkland Islands Sequenced Sequenced
Psammobatis sp. 2 Falkland Islands Not available Sequenced
Psammobatis sp. 3 Falkland Islands Sequenced Sequenced
Raja montagui North Sea Sequenced KJ205155.1
Zearaja chilenses Falkland Islands Sequenced EU074404.1
Zearaja nasuta New Zealand Sequenced Sequenced
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posterior probability value. These were the only species of Phyllobothriidea included in
this study and their placement made the order Phyllobothriidea non-monophyletic in my
analysis (see Fig. 2.6).
Grillotia sp. ex. Leucoraja naevus
Grillotia sp. ex. Amblyraja doellojuradoi
Grillotia sp. 2 ex. Amblyraja radiata
Grillotia sp. ex. Psammobatis sp. 3
Grillotia sp. ex. Psammobatis sp. 2
Grillotia sp. ex. Zearaja chilensis
Grillotia sp. ex. Bathyraja magellanica
Grillotia sp. ex. Bathyraja griseocauda
Grillotia sp. ex. Bathyraja cousseauae
Grillotia sp. ex. Bathyraja brachyurops
Grillotia sp. ex. Amblyraja radiata
Zyxibothrium kamienae ex. Malacoraja senta
Anthocephalum sp. ex. Raja montagui
Anthocephalum sp. ex. Bathyraja multispinus
Anthocephalum sp. ex. Bathyraja scaphiops
Anthocephalum sp. ex. Bathyraja macloviana
Anthocephalum sp. ex. Bathyraja albomaculata
Anthocephalum sp. ex. Amblyraja doellojuradoi
Anthocephalum sp. ex. Bathyraja brachyurops
Anthocephalum sp. ex. Zearaja chilensis
Anthocephalum sp. ex. Bathyraja magellanica
Anthocephalum sp. ex. Bathyraja cousseauae
Anthocephalum sp. ex. Psammobatis sp. 3
Anthocephalum sp. ex. Psammobatis sp. 2
Rhinebothrium sp. ex. Psammobatis sp. 3
Rhinebothrium sp. ex. Psammobatis sp. 1
Rhinebothrium sp. ex. Psammobatis sp. 2
Echeneibothrium sp. ex. Bathyraja macloviana
Echeneibothrium sp. ex. Bathyraja albomaculata
Echeneibothrium sp. ex. Bathyraja scaphiops
Echeneibothrium sp. ex. Bathyraja multispinus
Echeneibothrium sp. ex. Bathyraja griseocauda
Echeneibothrium sp. ex. Bathyraja cousseauae
Echeneibothrium sp. ex. Bathyraja brachyurops
Echeneibothrium sp. ex. Raja montagui
Echeneibothrium sp. ex. Amblyraja radiata
Pseudanthobothrium purtoni ex. Leucoraja ocellata
Pseudanthobothrium purtoni ex. Leucoraja erinacea
Echeneibothrium sp. 2 ex. Zearaja chilensis
Pseudanthobothrium sp. ex. Amblyraja doellojuradoi
Pseudanthobothrium hanseni ex. Malacoraja senta
Pseudanthobothrium sp. 2 ex. Amblyraja doellojuradoi
Pseudanthobothrium hanseni ex. Amblyraja radiata
Echeneibothrium maculatum ex. Leucoraja naevus
Echeneibothrium sp. 2 ex. Raja montagui
Echeneibothrium sp. 1 ex. Zearaja chilensis
Echeneibothrium vernetae ex. Leucoraja ocellata
Echeneibothrium vernetae ex. Leucoraja erinacea
Echeneibothrium canadense ex. Amblyraja radiata
Guidus sp. ex. Bathyraja multispinus
Phyllobothrium piriei ex. Leucoraja naevus
Acanthobothrium sp. 2 ex. Zearaja nasutus
Acanthobothrium sp. ex. Raja montagui
Acanthobothrium sp. ex. Leucoraja naevus
Acanthobothrium sp. ex. Zearaja nasutus
Acanthobothrium sp. ex. Bathyraja magellanica
Acanthobothrium sp. ex. Bathyraja cousseauae
Echinobothrium sp. ex. Leucoraja naevus















































Figure 2.6: Phylogenetic tree of cestodes plotted using ggtree (Yu et al. 2016). The blue dots indicate
posterior probability values ≥ 95%. The parasite orders are colour-coded. The tree was generated using
MrBayes (v 3.2) (Ronquist et al. 2012) run for 600,000 generations with random starting trees, sampling
every 8,000 generations and 250 generations of burn-in.
The three resultant host trees generated by MrBayes (using the NADH2 gene marker,
the COI gene marker and the concatenated tree) were similar to each other. The results
presented here are from the concatenated tree only (see Fig. 2.7).
The overall host tree was monophyletic. Skates from the two families (Arhynchobatidae
and Rajidae) clustered into two distinct groups. The first consisted of those from the gen-
era Bathyraja and Psammobatis with ≥ 95% posterior probability values. These species
are placed under the family Arhynchobatidae. The other group consisted of Leucoraja,
Raja, Zearaja, Amblyraja and Malacoraja. These belong to the family Rajidae (Last et al.
2016). All genera formed monophyletic groups, except Leucoraja. The nodal support for
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L. ocellata and L. erinacea forming a sister clade to A. radiata and A. doellojuradoi was
only 55%. The three Psammobatis species clustered together with a ≥ 95% posterior
probability value. The length of the branches leading to each of the three Psammobatis






































Figure 2.7: Skate phylogenetic tree plotted using ggtree (Yu et al. 2016). The blue dots indicate posterior
probability values ≥ 95%. The tree was generated using MrBayes (v 3.2) (Ronquist et al. 2012) run for
600,000 generations with random starting trees, sampling every 8,000 generations and 250 generations of
burn-in.
The trees generated by RAxML (see Fig. C.1 and C.2, in Appendix C) were compared
to those generated by MrBayes for both hosts and parasites. In all cases the trees were





As hypothesized, this study found that skates are monophyletic. Cestodes of skates as an
overall clade are monophyletic, also as hypothesized. The individual genera within skates
seem to be monophyletic, with the only exception being the genus Leucoraja. Among the
cestodes included in this study, the parasites from the orders Rhinebothriidea and Phyl-
lobothriidea were not monophyletic. These orders were hypothesized to be monophyletic.
All other cestodes formed monophyletic groups.
2.4.1 Parasite phylogeny
Previous studies (Palm et al. 2009; Caira et al. 2014, 1999) have found cestodes to be a
monophyletic group, and this is consistent with the findings of this study. However, some
subgroups were not monophyletic.
The order Rhinebothriidea was not monophyletic. This is consistent with the findings of
other authors who have reported that this order is polyphyletic (Healy et al. 2009; Reyda
and Marques 2011). This study found that two of the three species included in Phylloboth-
riidea should be included in the order Rhinebothriidea. These species are Zyxibothrium
kamienae and Phyllobothrium piriei, currently placed under the order Phyllobothriidea.
In fact, Ruhnke et al. (2015) suggested that Z. kamienae is indeed a candidate for the or-
der Rhinebothriidea. This study supports this proposal. Similarly, P. piriei is considered
incertae sedis (unclear taxonomic placement) (Ruhnke 2011). It differs from other mem-
bers of Rhinebothriidea in lacking foliose bothridial morphology and a vaginal sphincter
(Ruhnke 2011). The clustering of this species among Anthocephalum sp. indicates that P.
piriei is a candidate for the genus Anthocephalum. This relationship should be further in-
vestigated by future studies. Species re-description was not within the scope of this study,
and therefore further analyses using phylogenetic distance measures and morphological
identification could not be conducted to explore the taxonomic placement of P. piriei. The
improper placement of two out of the three species in the order Phyllobothriidea could be
responsible for the non-monophyly of this order.
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The failure to sequence Echeneibothriinae type 2 and 3 may be attributable to the primers
used. Neither of the two sets of primers used (T01N/T13N and T30/T16) were successful
in sequencing these parasites. Due to time constraints, a set of primers that would work
with these specimens could not be successfully designed. As the majority of the parasites
of Z. nasuta were successfully sequenced, either in this project or previously, the number
of species included still provided a reasonable representation of parasitic assemblages of
Z. nasuta. However, ideally, the two species excluded from the study should be included
and future studies could investigate suitable primers that would work for these species.
2.4.2 Host phylogeny
All but one genus of skates, and the overall group, were found to be monophyletic. Leu-
coraja was the only non-monophyletic group, but it would have been monophyletic if L.
naevus was excluded. This species was previously classed under genus Raja (Buit 1976),
and in this study, it did not cluster with other members of genus Leucoraja. It is possible
that the taxonomic status of this species needs to be further resolved. Naylor et al. (2012a)
reported that L. naevus clustered very closely to Okamejei jensenae. Another reason for
the non-monophyly of the genus could be the misidentification of species or low quality
sequences. As the sequence for this species was obtained from GenBank, it cannot be
confirmed whether this species was identified correctly or whether the sequence was of
high quality (Mutanen et al. 2016).
It was not possible to obtain an NADH2 sequence for Psammobatis sp. 2 using the do-
nated sample, and only COI was used for this species. This could be due to degraded
DNA. The COI gene is much smaller, which could explain why it was still possible to
amplify this gene even from degraded DNA. A variety of PCR protocols were tried for
NADH2 amplification in this species, but these were unsuccessful.
There are two common skate species in New Zealand, namely Z. nasuta (rough skate)
and Dipturus innominatus (smooth skate). However, only Z. nasuta was included in this
study as D. innominatus could not be sampled (Francis et al. 2001). Due to their weight,
fishermen are unwilling to carry these species on board. These are also rarely caught in
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fishing nets. No stranding was reported in time for me to pick up stranded species to
include in this study. Both of these skate species are endemic to New Zealand. Z. nasuta
are rarely included in phylogenetic studies, and this is one of the few studies to do so.
2.4.3 Conclusions
It is evident that uncertainty exists regarding the phylogenetic status of some species
of skates and their cestodes. There were some doubtful classifications highlighted in
this study, mostly in line with findings by other authors regarding the taxonomic and
phylogenetic status of some orders of cestodes. This study endorses further investigation
into those unresolved relationships.
This study is rare in covering such a large number of species from the Falkland Islands
in an evolutionary analysis. This was, however, also one of the limitations, as the tree
was not truly representative of global skate species (Naylor et al. 2012a). Not all species
from the locations where skates were sampled were included in this study (Bizikov et al.
2004). That said, the number of skate species included in this study is high and diverse
(McEachran and Dunn 1998). Furthermore, exhaustive sampling of parasites was per-
formed for each host sample included in this study. This meant that this study provided a
true representation of parasitic assemblages of the host species studied.
This study provides larger coverage of parasites of Bathyraja skates than any other study
(see Table A.1). As all Bathyraja spp. were sampled from the Falkland Islands and
include the majority of skates from this genus reported from the region (Bizikov et al.
2004), this study provides the largest coverage of parasites of Bathyraja from this region
as well. Skate fisheries are a major industry of the region, and the information provided
by this study could be important for the Falkland Islands’ fisheries (Bizikov et al. 2004).
These individual host and parasite trees not only allow us to study the evolutionary rela-
tionship between different species of hosts and parasites, but they also allow us to further
understand the complexity of host-parasite interactions. Further analysis can be done
using these host and parasite trees to study whether they co-speciate (Page 1993). This
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investigation can be taken a step further to answer questions regarding the role of ecology.
These questions are answered in Chapter 3.
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Ecology and phylogeny in the
skate-cestode system
3.1 Introduction
An understanding of the factors that determine which parasites infect which hosts is a
central aim in parasitology. A parasite may be found in a host because the parasite has
co-speciated with the host’s ancestors, tracking the phylogeny of the host taxon. Alter-
natively, the parasite may be present on a host as a result of a host switch made possible
because that host shares ecological characteristics with the parasite’s original host, such
that the parasite phylogeny may track the host ecology. The assemblage of species on a
particular host is therefore shaped by mostly one or the other process, or a mixture of the
two with relative importance that may vary (Page 1993).
Several ecological factors can influence the complex relationship between hosts and par-
asites. For instance, in the case of trophically transmitted parasites, the diet of their hosts
is an essential feature of the parasite’s life cycle, determining its chances of transmission
and even survival (Xue et al. 2015). The role of diet in shaping the host-parasite relation-
ship was explored by Brooks et al. (2006) who found that lung fluke, Haematoloechus
floedae, a parasite of bullfrogs inhabiting the south-eastern United States, also existed in
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north-western Costa Rica, despite the extinction of its original host from the region. This
is because the parasite was able to colonise a new host species of ranid frog in this region.
The factors that enabled this colonisation were the availability of an ecosystem rich in
aquatic pulmonate snails, dragonflies, and frogs that prey on dragonflies. Dragonflies are
the intermediate hosts of the lung fluke and the study also highlights the importance of
associations between parasites and their intermediate hosts.
The geographical location of a host organism can influence its parasites. For instance,
the assemblages of parasitic helminths of the rainbow trout, Oncorhynchus mykiss, and
the brown trout, Salmo trutta, were compared between their native populations in Great
Britain and their introduced populations in the Americas and New Zealand by Poulin and
Mouillot (2003a). They found that the parasitic assemblages of both fish varied between
the native and the introduced populations. This could be attributed to a range of ecolog-
ical parameters, from the parasite species composition in the new region, to the loss of
parasites during translocation (Torchin et al. 2003).
3.1.1 Separating phylogeny from ecology
Unambiguously attributing differences in host-parasite relationships to phylogenetic or
ecological parameters can be difficult, due to the way these interact. Closely related
species are often ecologically similar. This concept is known as phylogenetic signal
(Losos 2008). An example of this was reported by Jiménez et al. (2008), who found
that taxonomically related species of plants occupied climatically similar regions.
Some correlations between phylogeny and ecology are more obvious. When we compare
some of the ecological and behavioural characteristics between humans and our closest
relatives, chimpanzees, we find many similarities, such as dietary habits. The diet of
chimpanzees is not very different from that of ours. They are reported to consume fruits,
leaves, and seeds. They also hunt for meat like early humans did and like to mix up their
diet of meat with leaves and other parts of plants, like we still do (Goodall and van Lawick
1963). If we compare the diet of humans and chimpanzees to that of a fish or a mouse,
we are likely to find several differences (Badan 1986).
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As closely related species are similar in a range of traits and ecological parameters, it is
essential to identify phylogenetic signal when investigating phylogenetic and ecological
influences in evolutionary studies. Quantifying phylogenetic signal can reveal how eco-
logical characteristics of an organism are correlated to phylogenetic traits. Yet, hardly
any studies aim to separate the two influences (Kamilar and Cooper 2013). In addition,
important ecological factors in shaping the parasitic community within an individual are
often overlooked by studies on host-parasite co-evolution (Page 1993).
3.1.2 Influence of host ecology on cestodes
A role of ecological parameters in influencing the composition of cestode species infect-
ing hosts, both between and within host species, is reported by several authors (Reimchen
and Nosil 2001; Galaktionov 1995; Muñoz et al. 2007, 2006). Host diet and habitat use
are some of the ecological parameters that may influence which species of cestode infects
which host, as seen in threespine sticklebacks, Gasterosteus aculeatus. The females of
this species forage in the pelagic zone, where the cestodes Schistocephalus solidus that
infect them, and their intermediate hosts, copepods, are concentrated. This parasite is
less prevalent in males. Males, on the other hand, are infected with the cestode Cyatho-
cephalus truncatus and trematode Bunodera sp. as they forage in benthic habitats where
these parasites are present (Reimchen and Nosil 2001).
The role of diet in influencing species composition of cestodes was reported by another
author, Galaktionov (1995), in the Barents Sea. A long-term shift in the diet of seabirds
such as herring gulls was associated with a decline in populations of herrings. The birds
shifted their diet from fish to crustaceans due to a population crash in the fish species
between 1940-41 and 1991-93. This shift in diet was accompanied by changes in species
composition of cestodes in gulls. Species composition of other helminths such as trema-
todes also changed due to the shift in the gulls’ diet.
The above examples illustrate how intra-specific variation in host diet can influence ces-
tode species composition. Inter-specific differences due to diet are also well known
(Muñoz and Cortés 2009). The difference in species composition of parasites, including
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cestodes, between resident intertidal and temporarily resident fish species is an example
of such an inter-specific variation. This is because the resident fish are always present
in the reef and are known to have a specific diet. Temporarily resident fish only visit
the region for a short period of time and feed on a variety of other prey items outside of
the intertidal zone (Muñoz and Cortés 2009). In another study, the endoparasites of five
closely related labrid fishes (Cheilinus chlorourus, C. trilobatus, C. fasciatus, Epibulus
insidiator and Oxycheilinus diagramma) from the Great Barrier Reef were surveyed. The
parasite species composition, including that of cestodes, was found to be directly related
to the diet of these fish species (Muñoz et al. 2006).
Like diet, different depth distributions of species are also associated with variations in
parasitic assemblages in host species in marine ecosystems (Marcogliese 2002). Fish in
the mesopelagic (200-1000m) and bathypelagic (1000-2000m) zones have lower parasite
diversity compared to those found in the epipelagic (0-200m) zone. In mesopelagic and
bathypelagic fishes the parasite fauna is dominated by juvenile cestodes and nematodes,
with very few adults (Gartner and Zwerner 1989). This variation in parasite diversity
with zonation is largely due to differences in the food sources available in these zones
(Marcogliese 2002). Changes in temperature and thermocline moving away from the
pelagic zone could also be contributing factors for differences in parasite species compo-
sition (Randhawa and Poulin 2010).
The spatial ecology of the host is important for marine cestodes, where the life cycle of
cestodes infecting skates, particularly those from the orders Cyclophyllidea, Tetraphyl-
lidea (sensu lato), Diphyllidea, Lecanicephalidea and some Tetrabothriidea is concen-
trated in shallower waters. Most of the potential intermediate and definitive hosts of these
parasites are found in shallow waters (Rohde 2005).
Parasite species richness changes with the size of the host species, where larger-bodied
host species have higher parasite abundance than smaller-bodied host species (Arneberg
et al. 1998). Comparing the parasitic assemblages of large sharks to that of small an-
chovies, the shark will provide a larger space and more resources to harbour more parasite
species. They also eat larger quantities of more diverse prey, acquiring more trophically
transmitted parasites (Rohde 2005). A positive correlation between mean richness of ces-
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todes and the body size of their fish host was reported by Muñoz et al. (2007). The size
of different host species was found to be an important determinant of tapeworm species
richness in elasmobranchs by Randhawa and Poulin (2010).
3.1.3 Co-speciation in elasmobranch-cestode systems
Many cestodes are highly specific to their hosts, which suggests that they would co-
speciate with their hosts (Caira and Jensen 2014). That said, contradictory patterns have
been demonstrated in the co-evolutionary relationships of elasmobranchs and their ces-
todes. For instance, both co-speciation and host switching have been observed in the
cestodes of rays (Brooks and Amato 1992; Hoberg and Brooks 2008). Caira and Jensen
(2001) found that co-speciation was not important in the co-evolution of elasmobranchs
and their cestodes, belonging to the order Onchobothriidae. On the other hand, Olson
et al. (1999) suggested that co-speciation was present in a tetraphyllidean-elasmobranch
system. These contradictory results call for further investigation on co-evolutionary re-
lationships in these systems. Furthermore, none of the studies on these systems have
attempted to discover which ecological parameters are important in shaping host-parasite
relationships (Olson and Caira 2001; Caira and Jensen 2014; Brooks and Amato 1992;
Hoberg and Brooks 2008).
Studies of host-parasite co-evolution are more important now than ever before. This is
because many habitats are regularly subjected to anthropogenic stressors. Given the im-
portance of parasites in maintaining the health and diversity of marine ecosystems by
increasing resistance and resilience in these systems, the fate of parasites of vulnerable
host species and the likelihood of co-extinction needs to be assessed (Wood et al. 2013;
Strona 2015). Studies of host-parasite co-evolution can shed light on vulnerability and
extinction risk of co-speciating, highly host-specific parasites (Strona 2015).
In this chapter, I aim to investigate whether host switching or co-speciation is impor-
tant in the skate-cestode system. As host switching is mainly influenced by ecological
parameters, if it emerged as a significant event, I also wished to investigate which eco-
logical parameters are important in this system. I hypothesized that since cestodes are
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highly host-specific, co-speciation would be important (Caira and Jensen 2001). In most
host-parasite systems some evidence of host switching exists. Furthermore, mixed results
have been presented in relation to the degree of co-speciation in this system (Caira and
Jensen 2001; Olson et al. 2010). Therefore, it was expected that some evidence of host
switching will be apparent. Host diet, depth distribution, size and geographical location
were expected to be some of the important ecological parameters, based on the findings
of previous authors (Randhawa and Poulin 2010; Sall-Dramé et al. 2010; Randhawa et al.
2008).
3.2 Methods
The concatenated host and 28S parasite trees were created using MrBayes, as described
in Chapter 2. These individual trees, plus a host-parasite link matrix, were fed into two
software programs, Jane and PACo, to test for co-speciation. PACo was also used to
evaluate the role of ecological factors in determining host-parasite relationships. The link
matrix was created with one row per host species and one column per parasite species.
Each cell value was either 1 or 0, depending on whether the parasite was present or absent
in that host, respectively.
3.2.1 Tests for the influence of host phylogeny on parasite phylogeny
Two software programs were used to test for co-speciation, Jane 4 (Conow et al. 2010) and
PACo (Balbuena et al. 2013). Jane tests for co-speciation using event-based simulation. It
attempts to retrace co-evolutionary history as a sequence of events such as co-speciation
(C), host switching (H), duplication (D), loss (L), and failure to speciate (F). Different
cost values are assigned to different kinds of events, with co-speciation having the low-
est cost. It begins by assuming that the common ancestor of all parasites was the sole
parasite infecting the common ancestor of all hosts. It then generates a sequence of co-
evolutionary events which lead to an outcome which matches the input data. The program
attempts to find a particular sequence of events with as low a cost as possible (in effect,
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trying to maximize co-speciation events in its hypothesised history).
The host tree, parasite tree, and link matrix were combined to make a Jane data file. Jane
simulations were run in statistical mode using the default settings (C = 0, D = 1, H = 1,
L = 1, F = 1) to obtain a cost value for the input link matrix and a histogram of costs for
randomly generated link matrices. A variant simulation setting, assigning a higher cost
to the host switching event in proportion to other events, and leaving co-speciation to the
default cost of zero was also tried (C = 0, D = 1, H = 7, L = 1, F = 1).
It is argued by some authors that a variant analysis should be conducted by assigning a
much higher cost to co-speciation, as by always assigning a lower value to co-speciation
we introduce a co-speciation bias to the analysis (Lauron et al. 2015; Zhao et al. 2016).
However, this would fundamentally alter the way Jane works. Jane takes the input data
and tries to construct a history with as much co-speciation as possible. It then attempts
to do the same with random link matrices. It compares its success on the input data
to that of the random link matrices, using the calculated costs of each solution. If it is
more successful with the input data than with random link matrices, this indicates that co-
speciation is important. If a higher cost is assigned to co-speciation than to other events,
Jane will no longer optimise for co-speciation, and hence will no longer be able to find
congruence if it exists (Conow et al. 2010).
Another test for co-speciation was conducted using PACo. This program allows testing
for co-speciation using one phylogenetic distance matrix each for hosts and parasites, and
a link matrix associating hosts with parasites. It uses principal coordinate analysis to turn
each matrix of phylogenetic distances into a set of points in two dimensions. These two
sets of points are superimposed on each other, using Procrustes analysis. The analysis
attempts to superimpose one shape over another by rotating and scaling with the aim
of minimizing the sum-of-squares distance between associated hosts and parasites, also
known as Procrustes distance. Where co-speciation occurs, the distance between associ-
ated hosts and parasites is expected to be very small (Balbuena et al. 2013).
Here also, the input files included a host tree, a parasite tree, and a link matrix. The host
tree and the parasite tree were read using the CRAN package “ape” (v 4.1) (Paradis et al.
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2004). These trees were used to obtain pair-wise phylogenetic distance matrices (one each
for host and parasite). The link matrix was loaded into R. The standard PACo statistical
test using the “paco” package in R was run using the two distance matrices and the link
matrix (Hutchinson et al. 2017).
3.2.2 Testing the influence of host ecology
Using the phylogenetic distance matrices described above, PACo tests to see whether
the parasite phylogeny is predicted mainly by the host phylogeny. However, nothing
about this analysis method is specific to phylogenetic distance. If the host phylogenetic
distance matrix is replaced by a matrix of ecological distances, we can use the otherwise-
unaltered PACo method to test whether the parasite phylogeny is predicted mainly by
host ecological parameters. If ecological influences are important, then parasite evolution
would have been influenced mainly by adaptations to different ecological niches. In this
case, one would expect closely-related parasite species to exploit similar niches. Given
that a parasite’s ecological niche is its host, closely-related parasite species would be
expected to colonise ecologically similar host species. By using PACo to compare parasite
phylogenetic distances to host ecological distances, this prediction can be tested. To the
best of my knowledge, this is a novel use of PACo described for the first time in this thesis.
Global-fit methods such as PACo are able to be used for ecological parameter analyses
because they easily allow us to incorporate these measures into the analysis. Event-based
methods such as Jane do not allow this flexibility. Jane could not be employed to do this as
the program compares two phylogenetic trees and tries to reconstruct a history of discrete
events. This method is inextricably tied to data in tree form.
Based on published literature, some important ecological parameters were selected (Rand-
hawa and Brickle 2011; Randhawa and Poulin 2010; Randhawa et al. 2008; Rohde 2005).
These were diet, depth, size and the geographical location of the host (see Table 3.1).
Techniques for constructing distance matrices were based on the methods described in
Geange et al. (2011). All tests were performed in R (v 3.3.2) (R Core Team 2016) (see
Appendix D for the source code).
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Ecological distances were calculated by constructing a table with values for each ecolog-
ical variable for each species, and pair-wise ecological distances were calculated for each
of these ecological parameters, based on Geange et al. (2011), in the following ways (see
Table 3.1).
1. Diet: a matrix was created with host species on one axis and prey items on the other.
Each element of this matrix specified the proportion of the given prey item in the
given host species’ diet (%W). The parameters were obtained from scientific papers
(Ebert and Bizzarro 2007; Belleggia et al. 2014; Bizikov et al. 2004). Dietary niche
overlap was calculated as the sum of minima for each dietary value (see Eqn 3.1).




min{pi,m, pj,m} (Eqn 3.1)
Where i and j represent the indices of two hosts, M is the number of dietary com-
ponents, and 0 ≤ pi,m ≤ 1 is the proportion of component m in the diet of species
i.
2. Depth: minimum and maximum depths that each species is found at were obtained
from FishBase and scientific journals (Bizikov et al. 2004; Froese and Pauly 2016).
This provided an interval for each species. Niche overlap between two species was
calculated as the intersection of these intervals, divided by their union (Eqn 3.2).
This yields a commutative measure that controls for the size of depth ranges of
each of the two species that the ecological distance was calculated between. Again,
subtracting from 1 converts this overlap in to a distance measure:
Ddepthi,j = 1−max
{
min{bi, bj} −max{ai, aj}




Where each pair ai ≤ bi specifies the depth range of species i.
3. Size: the average length of males of any one species was obtained from FishBase
and published literature (Bizikov et al. 2004; Froese and Pauly 2016). A distance
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matrix was then calculated from the pairwise differences of the logarithm of the
sizes (Eqn 3.3), to accommodate the large variation in sizes. They were then nor-
malized by dividing by the maximum value in the matrix (Eqn 3.4), to yield distance
values between 0 and 1:





Where si is the average length of species i.
4. Geographical location: locations were recorded as a discrete variable. The ge-
ographical distance between species was 0 if the species were sampled from the
same region, or 1 if the region was different (Eqn 3.5). As the regions were in
widely separated clusters with poorly defined outlines, using a precise continuous
measure such as GPS co-ordinates for regions would be arbitrary and would not
have added any valuable information. Although it might be expected that species
from regions that are closely connected by water might be more similar than species
from far apart regions, it is not clear that a distance measure based on the great-
circle distance (the shortest connecting line on a globe) between GPS points would
capture this accurately. In fact, it may mislead, as it is entirely possible for regions
which are far apart in terms of swimming distance to be very close physically. For
example, we would expect a continuous measure of distance between locations to
indicate that the Falklands are closer (in terms of swimming distance) to the Bay
of Fundy than they are to New Zealand. However, great circle distance tells us the
opposite (giving distances of approximately 9,000 km and 7,000 km respectively):
Dgeographyi,j =
0 if li = lj1 otherwise (Eqn 3.5)
Where li is a discrete variable taking on different values for different geographical
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clusters.
The four ecological parameters were tested separately first, to see if any of the individ-
ual parameters were significant on their own. These parameters were also combined and
tested together. The four ecological distance matrices above were combined using a Eu-
clidean metric (Eqn 3.6). Here, for each pair of hosts, the four different distance values
for a pair were squared. Then they were added up, and the square root was taken to get












The standard PACo statistical test was run using the above ecological distance matrix
instead of the host phylogenetic distance matrix. The parasite phylogenetic distances
calculated from the tree and the link matrix were retained as described in the previous
section. The code developed and used for this part of the analysis is presented in Appendix
D.
To test for correlation between phylogenetic distance and ecological distance measures
used in this study, a Mantel test (Mantel 1967) was performed by using the phylogenetic
distance matrix and combined ecological distance matrix. Phylogenetic signal could be
present in any of these ecological parameters. Mantel’s test was suitable for testing for
phylogenetic signal because it uses distance matrices as in the data used in this study.
Other tests for phylogenetic signal, such as Pagel’s lambda (Pagel 1999) and Blomberg’s
K (Blomberg et al. 2003), work only with continuous values. The ecological data used in
this study was a distance matrix which these tests could not be used with. It might have
been possible to use the values these distance matrices were created from, but except for
size, none of the ecological parameters had values that were single continuous values. For
instance, diet is a compositional value. However, even for size, these tests were not used





Co-speciation was supported using Jane. Several co-speciation events were found in this
system. There was also an almost equal number of host switches (see Fig. 3.1). The
cost of the tree given my data was found to be much lower than the costs arising from
randomly generated link matrices. These results indicated that co-speciation is important
in this system. One of the trees obtained using default parameters is shown in Fig. 3.2.
Similar trees were obtained using the alternate settings. A detailed depiction of a possible
sequence of events leading to the input trees is shown in Fig. 3.1. This plot indicates that
there were approximately 20 co-speciation events in this scenario. There were slightly
more host switch and duplication events than co-speciation events. This indicates that
host switching is perhaps also important in this system.
Using PACo to test for co-speciation yielded a residual sum of squares value (m2) of
53.33 with a permutational value of p = 0.008 for the overall global fit of cestodes with
their skate hosts. The agreement of fit between cestodes and skates is depicted in the
Procrustean superimposition plot (Fig. 3.3). The length of links roughly represent the
corresponding residuals. The Procrustean plot shown in Fig. 3.3 indicates that the hosts
and parasites formed roughly three distinct clusters. The first group consisted of Z. chilen-
sis, Z. nasuta and R. montagui and their parasites. The next cluster consisted of all the
Bathyraja and Psammobatis species and their parasites. The third cluster was formed by
all the remaining hosts and their parasites, namely M. senta and all the Leucoraja and
Amblyraja species.
The jackknife plot depicted in Fig. 3.4 shows the individual contribution of each host and
parasite link to the global fit error. The taller a bar is, the less it fits the co-speciation
hypothesis. Likewise, the shorter the bar is, the more likely it is to represent the outcome
of a co-speciation scenario. The plot indicates that none of the parasites of Z. nasuta fit
the co-speciation hypothesis well. For most other hosts, some parasites closely fit the co-
speciation hypothesis and some did not. Some Anthocephalum species infecting B. multi-
59

















































































































































































Figure 3.2: Jane cost histogram plot created using default settings (C = 0, D = 1, H = 1, L = 1, F = 1). The
overall cost allocated to our tree was 87, indicated by red dotted line. The cost for randomly generated trees
was much higher, indicated by blue bars. The graph indicates that co-speciation best explains my data.
spinus, B. albomaculata, B. macloviana, B. scaphiops, B. cousseauae and Rhinebothrium
species from skates belonging to the genus Psammobatis fit the co-speciation hypothesis
closely.
The Procrustes plot (Fig. 3.3) produced by PACo indicates that even though co-speciation
was evident in this system, the system was not dominated by this phenomenon. An ex-
ample of what a Procrustes plot would resemble in a system dominanted by co-speciation
is presented in Fig. 3.5.
3.3.2 Ecological influences
Using the parasite phylogenetic distance and ecological distance data for diet, depth, size
and location combined, a modified PACo was run to test for the role of ecology in this
host-parasite system. The m2 value for this test was 32.49 and the p value was 0.014.
The Procrustes plot for this analysis is shown in Fig. 3.6. There was no clear cluster
pattern in this analysis. The jacknife plot in Fig. 3.7 indicated that Z. kamienae from
M. senta provided the best fit to the ecological data, followed by Grillotia sp from B
brachyurops, as well as P. hanseni and E. canadense from A. radiata. Rhinebothrium
from Psammobatis sp. fitted the ecological data as well as they fitted the co-speciation
hypothesis. Echeneibothrium sp from B. griseocauda and B. scaphiops also fitted the
ecological parameters closely.
Each of the four ecological parameters (diet, depth, size and location) were also tested
separately using PACo. Depth and size individually did not appear to be significant. Ge-
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Figure 3.3: Procrustean superimposition plot showing the fit of cestode species to their skate hosts after
being subjected to Procrustes analysis, where the parasite map is distorted to fit the host map. The graph
was obtained from PACo analysis based on host and parasite phylogenetic distances and slightly modified
using the ggplot2 package in R for visualization (Ginestet 2011), where blue squares represent hosts and red
circles represent parasites. The lines represent the links between hosts and parasites. The sum of squares of
the lengths of the links are the residual sum of squares (m2), where shorter and more randomly distributed





































































Figure 3.4: Jacknife plot created from PACo analysis based on host and parasite phylogenetic distances.
The plot shows the individual contribution of each host-parasite link (with 95% upper confidence interval)
to the global fit error (residual sum of squares, m2). The red line shows the average contribution across all
links.
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Figure 3.5: An example of a Procrustean superimposition plot in a mostly co-speciating host-parasite sys-
tem. The graph uses the pocket gopher and chewing lice plot obtained from Balbuena et al. (2013), showing
the fit of louse species to gopher hosts after being subjected to Procrustes analysis. The dots represent para-




ographical location alone could not be tested individually as most of the samples came
from a single region and there were only four regions in total. Ecological parameters











































Figure 3.6: Procrustean superimposition plot showing the fit of cestode species to their skate hosts after
being subjected to Procrustes analysis. The analysis was conducted using host ecological data obtained
from combining diet, depth, size and location and parasite phylogenetic distance data. The graph was
obtained from PACo and slightly modified using the ggplot2 package in R for visualisation (Ginestet 2011),
where blue squares represent hosts and red circles represent parasites. The lines represent the links between
hosts and parasites. The sum of squares of the lengths of the links are the residual sum of squares (m2),
where shorter and more randomly distributed overall lines indicate a parasite phylogeny strongly influenced
by host ecology.
3.3.3 Mantel test
The Mantel test result for correlation between phylogenetic distance and the combined
ecological distance measure yielded a significance value of 0.006 and a global r value of
0.22. This indicates a moderate positive correlation. Another Mantel test was tried using
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Figure 3.7: Jacknife plot created from PACo analysis run with host ecological distance calculated using diet,
depth, size and location and parasite phylogenetic distance data. The plot shows the individual contribution
of each host-parasite link (with 95% upper confidence interval) to the global fit error (residual sum of
squares, m2). The red line shows the average contribution across all links.
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diet, depth and size as the ecological parameters. The significance value for this was 0.05
and the global r value was 0.11.
3.4 Discussion
The results support the hypothesis that co-speciation is important in the skate-cestode
system. This result was supported by both Jane and PACo analyses. Results from Jane
also indicate that host switching is important in this system and is almost as frequent as
co-speciation events. As host switching is mainly constrained by ecological factors, the
next step was to explore which parameters influenced this outcome.
The four ecological factors tested in PACo (diet, depth, size and geographic location)
combined were important in this system. However, on testing each of these factors alone,
no strongly significant result could be obtained. One possible reason for this could be
the small sample size used in this study. It is possible that a larger dataset would be
required to be able to notice any significant trend when ecological parameters are tested
separately. It is expected that the PACo results from the combined ecological measure
are still reliable, as the combination of multiple individual measures should reduce noise
in the analysis (Quinn and Keough 2002). Although individual ecological parameters
could not be tested reliably, the results provide support for the hypothesis that the four
ecological factors together are important in this system.
3.4.1 Mixed results in the skate-cestode system
The significance of co-speciation in the skate-cestode system is no surprise. These skates
have a highly host-specific cestode fauna and given that such parasites are more likely to
speciate with their hosts, co-speciation events were expected to be important in this host-
parasite system (Caira and Jensen 2001; Page 1993). The importance of co-speciation
was supported by Olson et al. (1999) who studied the phylogenetic relationship between
26 tetraphyllidean and two lecanicephalidean taxa, and their elasmobranch hosts. Olson
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et al. (1999) concluded that co-speciation explains the evolutionary relationship between
hosts and parasites in this system.
This system was not entirely dominated by co-speciation events and many instances
of host switching were present. Where some authors have supported co-speciation in
this system, others beg to differ. Olson et al. (2010) found that several species of try-
panorhynchs do not appear to co-speciate with their hosts. For instance, a clade contain-
ing species of Grillotia and Pterobothrium contains species parasitising rays as well as
species parasitising sharks. These are closely-related parasite species parasitising rela-
tively distantly-related host species, suggesting that members of the clade are capable of
host switching and have done so in their evolutionary history.
In this study, several Grillotia species from Bathyraja and Psammobatis hosts seemed to
have co-speciated with their hosts while those from Amblyraja and Leucoraja did not.
Host-specificity varies between different trypanorhynch species and depending on the
level of host-specificity, the parasite phylogeny may or may not be congruent with that of
the hosts’ (Olson et al. 2010; Wetherbee et al. 2004).
Some of the parasites that co-speciated in this study, (e.g. Echeneibothrium sp. 2 from
A. radiata and Pseudanthobothrium sp. 1, P. hanseni and P. purtoni from Amblyraja and
Leucoraja), exhibited high host-specificity in a study conducted by Randhawa and Burt
(2008). Anthocephalum sp. 1 and 5 from various Bathyraja and Rhinebothrium sp. 1 from
Psammobatis hosts fit the co-speciation hypothesis closely. These parasites were found
to co-speciate by Olson et al. (1999), who suggested a high degree of host-specificity for
these parasites.
None of the parasites of Z. nasuta fit the co-speciation hypothesis. It is possible that these
parasites are not very host-specific (Clayton et al. 2015). The host-specificity of these
parasites should be tested by future studies. There is a paucity of information on the
host-specificity of several parasites of skates (Olson et al. 1999).
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3.4.2 The role of host ecology
The combined measure of ecological distance, based on the four parameters described
above, was important in this system. The importance of these ecological parameters in
influencing skate-cestode relationships is well supported by the scientific literature. For
example, geographically close species usually share a range of characteristics, some of
which might be exploited by their parasites. Water temperature, a characteristic of a
region’s climate, was found to be an important determinant of parasitic assemblages in
threespine sitcklebacks, Gasterosteus aculeatus (Karvonen et al. 2013). Latitude is known
to affect the prevalence and abundance of cestodes Proteocephalus pearsei (Poulin and
Dick 2007).
Host diet is known to affect the species composition of cestodes in fish hosts (Reimchen
and Nosil 2001; Pacala and Dobson 1988). A difference in parasite fauna in deep-sea ben-
thic fishes (at depths 500-5000m) due to a difference in diet was reported by Campbell
et al. (1980). Host diet is expected to be an important determinant of parasitic assemblages
of helminths, such as tapeworms or cestodes, as many of these parasites are transmitted
trophically (Muñoz et al. 2007). A clear relationship between diet and parasite species
richness and diversity is reported by several authors (Muñoz et al. 2006, 2007; Poulin
1995). Poulin (1995), reported an increase in species richness of parasites infecting fish
with an increase in the proportion of animals in the diet. It is not surprising that diet was
somewhat significant as a predictor of parasite phylogenetic structure in this study. That
said, it is not certain that other ecological parameters were not important even though
PACo analysis with these parameters individually did not appear to be statistically signif-
icant. One of the reasons why diet showed a clear trend could be because of the way it
was incorporated into the study. As various dietary components were included, the overall
error was reduced compared to measures based on single values.
Depth was not significant on its own. If a larger sample size had been used, it might have
been significant, as several authors have argued for the importance of depth (Gartner and
Zwerner 1989; Marcogliese 2002). Moreover, the depth of a host species is usually at
least partially reflective of its diet (Marcogliese 2002). If diet was significant on its own,
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depth would be expected to be important as well.
Similarly, several authors have reported the importance of size in determining cestode
species composition both within the elasmobranch-cestode system and in other systems
(Randhawa and Poulin 2010; Friggens and Brown 2005; Muñoz et al. 2007). Again, a
lack of data points could be a possible reason for it not being significant in this study.
Furthermore, size measurements of the skates included in this study were taken from
FishBase. It is possible that there may be regional differences in the size of these fish
where individuals from the Falkland Islands, for instance, could be larger or smaller than
individuals from other locations (Sulikowski et al. 2005; Froese and Pauly 2016).
Mantel’s test indicated that there was a small phylogenetic signal in the ecological dis-
tance measure. This is plausible, as phylogenetically related species may share ecological
parameters. However, even though a weak positive correlation was found using Mantel’s
test, it does not mean that ecological factors were not significant (Roff 2006).
Given that both phylogeny and ecology were important in this study, it would be inter-
esting to investigate the relative importance of the two in this system. This is something
that could be explored by future studies. One of the ways this can be done is by incor-
porating combinations of both ecological and phylogenetic distance matrices in PACo to
determine which of the two provide the best fit. This would involve the development of
new methods, which was beyond the scope of this study.
Certain aspects of this study could be improved, given additional time and resources.
These include the addition of more geographical sampling locations. As the majority of
the samples were obtained from the Falkland Islands, it was difficult to test the individual
contribution of geography in PACo. This also limited the ability to provide a global
representation of skate populations. The small number of species included was another
limitation. Due to the unavailability of ecological data for some of the species included in
Chapter 2, a few samples were excluded from further analysis conducted in this chapter.
As a result, only 17 species could be included in this chapter. PACo is considered to
work well with a small sample size (Balbuena et al. 2013). That said, a larger sample
size is desirable to increase the power of any statistical test (Quinn and Keough 2002). In
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addition, certain ecological parameters, such as temperature and substrate type, could not
be included due to insufficient data in the published literature (Froese and Pauly 2016).
This highlights the need for more ecological studies on skates.
3.4.3 Conclusions
Both co-speciation and host switching were evident in this system, indicating the impor-
tance of both phylogenetic and ecological influences. Furthermore, diet, depth, size and
geographical location of the host in combination were found to be important. Therefore,
all hypotheses tested in this chapter were accepted. This study highlights the fact that
the apparent ability of cestodes to host switch varies between species. This explains the
contradictory findings from previous authors studying the co-speciation of cestodes and
elasmobranchs, including skates and rays. The findings also imply that varying levels of
host-specificity may be exhibited by different cestode species (Olson et al. 2010, 1999;
Caira and Jensen 2001).
This study was the first to describe an approach using PACo where ecological parame-
ters can be included. This approach has made PACo a more flexible tool and expanded
the scope of questions that can be answered by it (Balbuena et al. 2013). It is a well-
accepted fact that ecological parameters are important in host-parasite co-evolution, yet
hardly any study attempts to investigate the role of ecological parameters in host-parasite
co-evolutionary studies (Page 1993). Using the techniques described in this chapter, the
role of ecology can be explored more easily by future studies.
This study is the first to explore the role of ecological parameters in skate-cestode co-
evolution. With the mixed results obtained in this study, it is clear that some species of
cestodes are more vulnerable to co-extinction with their hosts. These are the parasites that
co-speciate with their hosts (Cooper et al. 2012). It is therefore essential to protect their
host species and to reduce anthropogenic stressors in their habitats.
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The complexity of host and parasite associations has driven parasitologists to investigate
the mechanisms behind these associations (Hatcher and Dunn 2011), leading to a series
of studies on the co-evolution of hosts and parasites. Beginning with the assumption
that hosts and parasites co-speciate, the field of phylogenetics now accepts that they co-
evolve in many different ways (Hoberg et al. 1997). There are two extreme scenarios
that occur in the co-evolution of hosts and parasites. Co-speciation lies on one extreme
and occurs when parasite phylogeny mirrors the host phylogeny. Usually, parasite species
that are highly specific to their host species tend to exhibit this phenomenon. The other
extreme is the phenomenon of host switching, in which the main drivers of the host-
parasite relationship are ecological parameters. Here the parasite phylogeny mirrors the
host ecology. Most real-world systems exhibit both co-speciation and host switching.
Despite the importance of hosts’ ecology in influencing host-parasite associations, there
are few studies probing which ecological parameters may be important in various host-
parasite systems (Page 1993). Using a marine ecosystem as a model study system with
skates and their cestodes as model study organisms, this study aims to address some of
these questions.
There were two main aims of this project. The first aim was to test whether the host
and the parasite trees are monophyletic. Monophyly is an important characteristic of
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an evolutionary tree. A lack of monophyly can mislead subsequent analysis (Hennig
1965). A monophyletic host and parasite tree meant that these could be used in subsequent
analyses attempting to address the second aim of the project, which was to investigate
whether phylogenetic or ecological influences are important in the skate-cestode system
and to be able to explore the ecological parameters important in shaping host-parasite
relationships in this system (Page 1993).
Despite being an ancient group of fishes, skates have received little attention from phylo-
geneticists (Naylor et al. 2012a). In spite of this, the evidence that exists in the scientific
literature points towards the unequivocal monophyly of this group as a whole (Aschli-
man et al. 2012; Chiquillo et al. 2014; Naylor et al. 2012a). That said, the taxonomy of
skates is currently in a state of flux. The uncertain taxonomic placement of some species
belonging to this group means the taxonomy of skates is a subject of ongoing investiga-
tion (Ball et al. 2016; Iglésias et al. 2010; Last et al. 2016). Furthermore, the monophyly
of some individual genera (e.g. Okamejei) within skates is questionable and is currently
under investigation by various researchers (Naylor et al. 2012a; Aschliman 2011; Naylor
et al. 2005). The trees produced in this study supported the overall monophyly of skates.
Like their skate hosts, cestodes are also considered monophyletic. This monophyly is
largely an outcome of the establishment of new orders from the order Tetraphyllidea
(sensu lato) (Caira and Jensen 2014; Caira et al. 2014). In agreement with previous find-
ings, the parasitic tree constructed in this study was monophyletic (Caira et al. 2014; Ol-
son et al. 1999). Again, similar to the case of their skate hosts, the taxonomic placement
of various species warrants further investigation (Ruhnke et al. 2015; Ruhnke 2011). This
study found some candidates whose taxonomic placement should be changed, and this
finding was in line with the recommendations of previous authors (Ruhnke et al. 2015;
Ruhnke 2011). This study recommends that Z. kamienae and P. piriei be placed within
the order Rhinebothriidea. They are currently placed under the order Phyllobothriidea.
Furthermore, based on our results, within the order Rhinebothriidea, P. piriei should be
placed under the genus Anthocephalum.
The main aim of this thesis was to determine whether host phylogeny or ecology is impor-
tant for determining parasitic assemblages of cestode parasites of skates. The importance
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of co-speciation in this host-parasite system was vouched for in this study. Two distinct
approaches were used to confirm this. First, a Procrustes analysis based approach using
PACo; and second, a cost-minimisation event-based approach in Jane. Both analyses sup-
ported the significance of co-speciation in this system, indicating that host phylogeny is
important. Previously, Olson et al. (1999) reported that co-speciation was important in the
evolution of cestodes of elasmobranchs. This is to be expected, as many elasmobranch
cestodes are host-specific, and host-specific parasites tend to co-speciate with their hosts
(Caira and Jensen 2014; Clayton et al. 2015).
The analysis conducted using Jane indicated that host switching events are prevalent in
this system. This result was also not surprising, as mixed results in the elasmobranch-
cestode system have been reported by previous studies, where some have found evidence
of co-speciation while others have not (Olson et al. 1999; Caira and Jensen 2001). One of
the reasons for this could be that the level of specificity varies with the species of cestode.
For instance, some species of cestodes from the genus Grillotia are known to exhibit rel-
atively low host-specificity and are considered to be strongly affected by host ecology,
while other species are not (Olson et al. 2010). Moreover, no host-parasite system is com-
pletely dominated by co-speciation events. Even in the classic example of co-speciation in
pocket gophers and their chewing lice, some instances of host switching exist (?). As host
switching is predominantly influenced by ecological parameters, the ecological factors
hypothesised to be important in this system were subsequently investigated (Page 1993).
These factors were the diet composition, size, depth range and geographical location of
the host species.
As there are currently no simple methods of investigating ecological influences on co-
evolution which can be universally adapted, a novel approach was implemented in this
study. This was done by modifying the standard PACo script to incorporate host ecolog-
ical distance instead of host phylogenetic distance and then running the standard PACo
test using the PACo package (Balbuena et al. 2013). For this, the individual measures of
ecological parameters had to be combined to produce a matrix of pair-wise ecological dis-
tances between host species which could then be used as an input for PACo analysis. The
methods described in Geange et al. (2011) were adopted in this study, in slightly modified
75
Chapter 4. General discussion
form, to produce distance measures.
Based on these results, it is evident that the approach of incorporating an ecological dis-
tance measure works well with PACo. Intelligible results and plots were obtained using
this method. Four ecological parameters were tested (diet, depth distribution, geograph-
ical location and total size of the host). These four parameters in combination were sig-
nificant, indicating that host-parasite co-evolutionary patterns were influenced by host
ecology. Therefore, all hypotheses put forward in this study were accepted. While collat-
ing information on ecological parameters, a lack of ecological studies on marine skates
was noted.
Previous studies have found these ecological factors to be important in determining re-
lationships between cestodes and their hosts. For instance, in Muñoz et al. (2006), the
endoparasites of 5 closely related cheilinine fish species (Labridae) from the Great Bar-
rier Reef were surveyed. The parasite species composition, including that of cestodes,
was found to be directly related to the diet of these fishes. The depth distribution of ma-
rine fishes is also reported to influence parasite species composition and richness, where
fish species from bathypelagic zone are known to harbour a fewer parasites with different
species composition to those from the pelagic zone (Gartner and Zwerner 1989). The size
of fish species is also known to affect their parasite species richness (Muñoz et al. 2007).
Therefore, it is not surprising that the combination of these ecological parameters was
significant in determining assemblages of cestodes in skates in this study.
Ecological parameters were more important for some parasite species than others. This
indicates that species that followed the host ecology in this study seem more capable of
switching host species and may be less vulnerable to fluctuations in their host’s popula-
tion. On the other hand, those that fit the co-speciation hypothesis well may be less likely
to switch host species and more vulnerable to changes in their host’s population.
Inferences can be drawn regarding which of the host species’ ecological parameters may
affect its parasite population and how, based on the findings of this study. Those parasites
that were found to have adapted to their host ecology may be vulnerable to changes in their
hosts’ diet, depth distribution, geographical location and size as all of these parameters
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seemed important in determining skate-cestode relationship in this study. Changes in
these ecological parameters may cause parasite species to switch host species, changing
the parasitic assemblages of the parasite’s original and new host species. This in turn may
result in the parasite out-competing previously established species of parasites in this new
host species, or perhaps simply increasing parasite species richness in a few host species
(Randhawa and Poulin 2010). Over-fishing of species that form an important part of a
host’s diet may impact the fate of their parasites and their chances of transmission (Strona
2015; Cizauskas et al. 2017).
Given additional time and resources, some improvements could be made to this study.
The number of species employed in this study was small compared to the global species
diversity of skates and cestodes. More species could increase the robustness of PACo and
could have shown a clearer trend using individual ecological parameters (Balbuena et al.
2013). Most species in this study were from the Falkland Islands. This not only made
it difficult to individually test geographical location in PACo, but it also made it difficult
for this study to provide a global representation of skates and their parasites. That said,
this study provides the largest coverage of the parasite species of skates from the genus
Bathyraja.
There are several ways in which the work done in this study can be further expanded upon.
Firstly, the relative importance of ecology and phylogeny can be explored by modifying
PACo further to test for both ecological and phylogenetic distance matrices in combi-
nation. This could perhaps be done using an approach modified from Clark and Clegg
(2017). Secondly, the number of species can be increased to provide a larger representa-
tion of the global skate and parasite population and to be able to answer similar questions
as addressed in this study about other species of skates from other geographical locations.
The same study techniques can be used in different systems such as freshwater systems
using different species. Different ecological parameters can be tested that could not be
tested in this study due to a lack of data in published literature. These include substrate
type, temperature, and sex. Finally, more complex ecological interactions can be explored
such as trophic interactions, by using information from published literature supplemented
with stable isotope analysis.
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Table A.1: Known cestodes of skates
Host species Parasite species
Amblyraja georgiana Echinobothrium acanthocolle
Amblyraja georgiana Anthocephalum georgiense
Amblyraja georgiana Pseudanthobothrium notogeorgianum
Amblyraja radiata Echinobothrium raji
Amblyraja radiata Echeneibothirum dubium abyssorum
Amblyraja radiata Echeneibothrium affine
Amblyraja radiata Echeneibothrium canadensis
Amblyraja radiata Pseudanthobothrium hanseni
Amblyraja radiata Grillotia brayi
Atlantoraja castelnaui Acanthobothrium martini
Atlantoraja castelnaui Notomegarhynchus navonae
Bathyraja aluetica Grillotia borealis
Bathyraja brachyurops Guidus argentienense
Bathyraja eatonii Anthocephalum siedleckii
Bathyraja eatonii Guidus antarcticus
Bathyraja eatonii Notomegarhynchus shetlandicum
Bathyraja eatonii Onchobothrium antarcticum
Bathyraja eatonii Pseudanthobothrium minutum
Bathyraja interrupta Grillotia musculara
Bathyraja maccaini Anthocephalum rakusai
Bathyraja maccaini Anthocephalum siedleckii
Bathyraja maccaini Onchobothrium antarcticum
Bathyraja maccaini Notomegarhynchus shetlandicum
Bathyraja maccaini Guidus antarcticus
Bathyraja maccaini Marsupiobothrium awii
Bathyraja minispinosa Grillotia borealis
Bathyraja parmifera Grillotia borealis
Bathyraja richardsoni Echeneibothrium pollonae
Bathyraja richardsoni Grillotia borealis
Bathyraja richardsoni Onchobothrium magnum
Bathyraja spinicauda Echeneibothrium affine
Bathyraja spinicauda Pseudanthobothrium hanseni
Dipturus batis Echeneibothrium demeusiae
Dipturus batis Echeneibothrium dubium
Dipturus batis Echeneibothrium faxanum
Dipturus batis Echeneibothrium minutum
Dipturus batis Acanthobothrium coronatum
Dipturus batis Acanthobothrium icelandicum
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Dipturus batis Acanthobothrium parvum
Dipturus batis Acanthobothrium septentrionale
Dipturus batis Anthobothrium auriculatum
Dipturus batis Clydonobothrium elegantissimum
Dipturus batis Nybelinia lingualis
Dipturus batis Grillotia dollfusi
Dipturus batis Grillotia erinaceus
Dipturus batis Lacistorhynchus tenuis
Dipturus oxyrhinchus Echeneibothrium demeusiae
Dipturus oxyrhinchus Echeneibothrium variabile
Dipturus oxyrhinchus Echinobothrium affine
Dipturus oxyrhinchus Grillotia erinaceus
Dipturus oxyrhynchus Acanthobothrium rajaebatis
Dipturus trachyderma Mixonybelinia beveridgi
Leucoraja circularis Acanthobothrium filicolle
Leucoraja circularis Ditrachybothrium macrocephalum
Leucoraja circularis Echeneibothrium elongatum
Leucoraja circularis Grillotia erinaceus
Leucoraja erinacea Echeneibothrium sobrinum
Leucoraja erinacea Echeneibothrium vernetae
Leucoraja erinacea Grillotia erinaceus
Leucoraja erinacea Pseudanthobothrium purtoni
Leucoraja fullonica Acanthobothrium edwardsi
Leucoraja fullonica Ditrachybothridium macrocephalum
Leucoraja fullonica Grillotia erinaceus
Leucoraja fullonica Phyllobothrium williamsi
Leucoraja naevus Acanthobothrium quadripartitum
Leucoraja naevus Grillotia erinaceus
Leucoraja neavus Echeneibothrium harfordi
Leucoraja naevus Echeneibothrium dubium
Leucoraja naevus Phyllobothrium piriei
Leucoraja ocellata Pseudanthobothrium purtoni
Leucoraja ocellata Echeneibothrium vernetae
Leucoraja ocellata Acanthobothrium coronatum
Leucoraja ocellata Echeneibothrium sobrinum
Leucoraja ocellata Grillotia erinaceus
Leucoraja wallacei Andocadoncum meganae
Leucoraja wallacei Echinobothrium andocadoncum
Leucoraja wallacei Echinobothrium marquesi
Malacoraja senta Pseudanthobothrium hanseni
Malacoraja senta Zyxibothrium kamienae
Okamejei cerva Acanthobothrium adlardi
Okamejei cerva Acanthobothrium robertsoni
Okamejei cerva Prochristianella clarkae
Okamejei hollandi Grillotia dollfusi
Okamejei hollandi Lecanicephalum xiamenensis
Okamejei kenojei Acanthobothriium dasybati
Okamejei kenojei Anthobothrium rajae
Okamejei kenojei Anthobothrium rajae
Psammobatis bergi Parachristianella dollfus
Psammobatis bergi Dollfusiella taminii
Psammobatis rudis Grillotia patagonica
Psammobatis rudis Grillotia pearsoni
Psammobatis scobina Rhinebothrium scobinae
Psammobatis scobina Acanthobothrium psammobati
Raja asterias Acanthobothrium filicolle
Raja asterias Acanthobothrium minus
Raja asterias Echinobothrium benedeni
Raja asterias Echeneibothrium dubium
Raja asterias Echeneibothrium julievansium
Raja asterias Echeneibothrium variabile
Raja asterias Echinobothrium typus
Raja asterias Grillotia erinaceus
Raja asterias Onchobothrium pseudouncinatum
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Raja asterias Tritaphros retzii
Raja binoculata Acanthobothrium brachyacanthum
Raja binoculata Acanthobothrium dujardinii
Raja binoculata Echeneibothrium myzorhynchum
Raja binoculata Echeneibothrium octorchis
Raja binoculata Heteronybelinia estigmena
Raja binoculata Nybelinia lingulais
Raja binoculata Phyllobothrium radioductum
Raja binoculata Pinguicollum pinguicollum
Raja brachyura Acanthobothrium dujardinii
Raja brachyura Anthobothrium auriculatum
Raja brachyura Echinobothrium brachysoma
Raja brachyura Grillotia erinaceus
Raja brachyura Nybelinia lingualis
Raja brachyura Phyllobothrium thridax
Raja clavata Echinobothrium clavatum
Raja clavata Echinobothrium typus
Raja clavata Echeneibothrium beauchampi
Raja clavata Echeneibothrium fallax
Raja clavata Echeneibothrium gracile
Raja clavata Echeneibothrium sphaerocephalum
Raja clavata Echeneibothrium variabile
Raja clavata Acanthobothrium benedeni
Raja clavata Acanthobothrium dujardinii
Raja clavata Acanthobothrium ponticum
Raja clavata Tritaphros retzii
Raja clavata Grillotia erinaceus
Raja clavata Tetrarhynchobothrium tenuicolle
Raja eglanteria Acanthobothrium floridensis
Raja eglanteria Acanthobothrium brevissime
Raja eglanteria Acanthobothrium coronatum
Raja eglanteria Acanthobothrium paulum
Raja eglanteria Acanthobothrium woodsholei
Raja eglanteria Echeneibothrium variabile
Raja eglanteria Grillotia erinaceus
Raja eglanteria Scalithrium minimum
Raja inornata Echeneibtothium fallax
Raja inornata Heteronybelinia estigmena
Raja inornata Heteronybelinia robusta
Raja inornata Nybelinia lingualis
Raja inornata Pinguicollum pinguicollum
Raja microocellata Acanthobothrium tripartitum
Raja microocellata Echinobothrium brachysoma
Raja microocellata Grillotia erinaceus
Raja microocellata Nybelinia lingualis
Raja microocellata Onchobothrium uncinatum
Raja miraletus Echinobothrium affine
Raja miraletus Grillotia erinaceus
Raja miraletus Parachristinaella duadecacantha
Raja montagui Acanthobothrium dujardinii
Raja montagui Echinobothrium acanthinophyllum
Raja montagui Echinobothrium brachysoma
Raja montagui Echeneibothrium maculatum
Raja montagui Grillotia erinaceus
Raja montagui Phyllobothrium brittanicum
Raja montagui Rhinebothrium tumidum
Raja montagui Tritaphros retzii
Raja radula Acanthobothrium filicolle
Raja radula Echinobothrium affine
Raja radula Echeneibothrium beauchampi
Raja radula Echeneibothrium fallax
Raja rhina Echeneibothrium dolichoophorum
Raja rhina Echeneibothrium fallax
Raja rhina Echeneibothrium octorchis
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Raja rhina Grillotia musculara
Raja rhina Heteronybelinia estigmena
Raja rhina Phyllobothrium radioductum
Raja rhina Pinguicollum pinguicollum
Raja stellulata Acanthobothrium brachyacanthum
Raja stellulata Acanthobothrium blairi
Raja stellulata Echeneibothrium macrascum
Raja stellulata Echeneibothrium octorchis
Raja stellulata Phyllobothrium radioductum
Raja stellulata Pinguicollum pinguicollum
Raja straeleni Echinobothrium dorothyae
Raja texana Acanthobothrium ulmeri
Raja texana Acanthobothrium westi
Raja texana Acanthobothrium floridensis
Raja undulata Acanthobothrium benedeni
Raja undulata Echneibothrium beauchampi
Raja undulata Onchobothrium uncinatum
Raja velezi Halysioncum rayallemangi
Raja whitleyi Acanthobothrium blairi
Raja whitleyi Dollfusiella martini
Raja whitleyi Prochristianella clarkae
Rajella bathyphila Echeneibothrium bathyphilum
Rhinoraja longi Halysioncum raschii
Rostroraja alba Acanthobothrium filicolle
Rostroraja alba Acanthobothrium rajaebatis
Rostroraja alba Echeneibothrium demeusiae
Rostroraja alba Echeneibothrium dubium
Rostroraja alba Echeneiboithrium julievansium
Rostroraja alba Echeneibothrium variabile
Rostroraja alba Echinobothrium affine
Sympterygia brevicaudatus Acanthobothrium macrocephalum
Sympterygia lima Echinobothrium euzeti
Sympterygia lima Rhinebothrium chilensis
Sympterygia lima Rhinebothrium leiblei
Sympterygia brevicaudatus Acanthobothrium brevissime
Sympterygia brevicaudatus Acanthobothrium lusarmientoi
Sympterygia brevicaudatus Acanthobothrium psammobati
Sympterygia bonapartei Dollfusiella vooremi
Sympterygia bonapartei Heteronybelinia mattisi
Sympterygia bonapartei Rhinebothrium chilensis
Zearaja chilensis Echeneibothrium megalosoma
Zearaja chilensis Echeneibothrium multiloculatum
Zearaja chilensis Echeneibothrium williamsi
Zearaja chilensis Acanthobothrium annapinkiensis
Zearaja chilensis Grillotia dollfusi
Zearaja nasuta Acanthobothrium filicolle
Zearaja nasuta Acanthobothrium wedli
Zearaja nasuta Clydonobothrium elegantissimum
Zearaja nasuta Clydonobothrium leioformum
Zearaja nasuta Echinobothrium coenoformum
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Otago Museum accession numbers
Table B.1: Accession numbers for host and parasite tissue samples stored at Otago Museum.
Accession number Study ID Species Organism
VT3305 AB5 Zearaja nasuta Skate
VT3306 E17 Bathyraja multispinus Skate
VT3307 E21 Bathyraja macloviana Skate
VT3308 E30 Bathyraja albomaculata Skate
VT3309 E100 Bathyraja cousseauae Skate
VT3310 E125 Bathyraja magellanica Skate
VT3311 E16 Psammobatis sp. 1 Skate
VT3312 E117 Psammobatis sp. 2 Skate
VT3313 E122 Psammobatis sp. 3 Skate
VT3314 E23 Bathyraja griseocauda Skate
VT3315 E28 Bathyraja brachyurops Skate
VT3316 E48 Zearaja chilensis Skate
VT3317 E109 Zearaja chilensis Skate
VT3318 E94 Amblyraja doellojurado Skate
VT3319 RM1 Raja montagui Skate
VT3320 AR1 Amblyraja radiata Skate
VT3321 E99 Dipturus argentinensis Skate
VT3322 E74 Psammobatis sp. 1 Skate
VT3323 E115 Psammobatis sp. 2 Skate
VT3324 E121 Psammobatis sp. 3 Skate
VT3325 E5 Bathyraja multispinus Skate
IV85692 AB6P1 Acanthobothrium sp. Cestode
IV85693 AB4P4 Acanthobothrium wedli Cestode
IV85694 AB6P4 Echeneibothrium type 1 Cestode
IV85695 AB6P3 Echeneibothrium type 2 Cestode
IV85696 AB9P5 Echeneibothrium type 3 Cestode
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Figure C.1: Host phylogenetic tree generated by RAxML (v 8.2.10) based on NADH2 and COI sequences,
using the same partition settings as were used for MrBayes.
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Rhinebothrium sp. ex. Psammobatis sp. 2
Rhinebothrium sp. ex. Psammobatis sp. 3
Rhinebothrium sp. ex. Psammobatis sp. 1
Zyxibothrium kamienae ex. Malacoraja senta
Echinobothrium sp. ex. Leucoraja naevus
Echinobothrium sp. ex. Zearaja nasutus
Grillotia sp. ex. Leucoraja naevus
Grillotia sp. 2 ex. Amblyraja radiata
Grillotia sp. ex. Amblyraja doellojuradoi
Grillotia sp. ex. Bathyraja griseocauda
Grillotia sp. ex. Bathyraja cousseauae
Grillotia sp. ex. Amblyraja radiata
Grillotia sp. ex. Bathyraja brachyurops
Grillotia sp. ex. Psammobatis sp. 2
Grillotia sp. ex. Psammobatis sp. 3
Grillotia sp. ex. Zearaja chilensis
Grillotia sp. ex. Bathyraja magellanica
Guidus sp. ex. Bathyraja multispinus
Anthocephalum sp. ex. Raja montagui
Anthocephalum sp. ex. Zearaja chilensis
Anthocephalum sp. ex. Bathyraja magellanica
Anthocephalum sp. ex. Psammobatis sp. 2
Phyllobothrium piriei ex. Leucoraja naevus
Anthocephalum sp. ex. Psammobatis sp. 3
Anthocephalum sp. ex. Bathyraja cousseauae
Anthocephalum sp. ex. Amblyraja doellojuradoi
Anthocephalum sp. ex. Bathyraja brachyurops
Anthocephalum sp. ex. Bathyraja albomaculata
Anthocephalum sp. ex. Bathyraja macloviana
Anthocephalum sp. ex. Bathyraja scaphiops
Anthocpehalum sp. ex. Bathyraja multispinus
Acanthobothrium sp. 2 ex. Zearaja nasutus
Acanthobothrium sp. ex. Raja montagui
Acanthobothrium sp. ex. Leucoraja naevus
Acanthobothrium sp. ex. Zearaja nasutus
Acanthobothrium sp. ex. Bathyraja cousseauae
Acanthobothrium sp. ex. Bathyraja magellanica
Echeneibothrium sp. ex. Bathyraja scaphiops
Echeneibothrium sp. ex. Bathyraja multispinus
Echeneibothrium sp. ex. Bathyraja griseocauda
Echeneibothrium sp. ex. Bathyraja albomaculata
Echeneibothrium sp. ex. Bathyraja macloviana
Echeneibothrium sp. ex. Bathyraja brachyurops
Echeneibothrium sp. ex. Bathyraja cousseauae
Echeneibothrium canadense ex. Amblyraja radiata
Echeneibothrium vernetae ex. Leucoraja ocellata
Echeneibothrium vernetae ex. Leucoraja erinacea
Echeneibothrium sp. 1 ex. Zearaja chilensis
Echeneibothrium sp. 2 ex. Raja montagui
Pseudanthobothrium hanseni ex. Amblyraja radiata
Pseudanthobothrium hanseni ex. Malacoraja senta
Pseudanthobothrium sp. 2 ex. Amblyraja doellojuradoi
Pseudanthobothrium sp. ex. Amblyraja doellojuradoi
Echeneibothrium sp. 2 ex. Zearaja chilensis
Echeneibothrium maculatum ex. Leucoraja naevus
Pseudanthobothrium purtoni ex. Leucoraja erinacea
Pseudanthobothrium purtoni ex. Leucoraja ocellata
Echeneibothrium sp. ex. Raja montagui
Echeneibothrium sp. ex. Amblyraja radiata
Monostephanostomum nolani
Gyrocotyle rugosa
Figure C.2: Parasite phylogenetic tree generated by RAxML (v 8.2.10) based on 28S sequences, using the
same partition settings as were used for MrBayes.
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# Pair -wise distance measures #
###############################
# Pairwise overlap between discrete categories
overlap.discrete <- function (values) {
N <- length(values)
v <- matrix(values , nrow=N, ncol=N)
# Have to reconvert to matrix after as.integer
matrix(as.integer(v == t(v)), nrow=N, ncol=N)
}
# Dietary overlap. Pass in a table or matrix where each
# row is a species , and each column is a dietary
# component. The output will be a square matrix with one
# row/column for each species. Each element is the
# overlap between a pair of species , between 0 and 1.
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# The diagonal should be all ones (each species overlaps
# fully with itself ).
overlap.diet <- function (diet) {
diet <- as.matrix(diet)
N <- nrow(diet) # Number of species
M <- ncol(diet) # Number of dietary components
# Normalize dietary components
diet <- diet / rowSums(diet)
# Calculate overlap for each category
overlap <- matrix(0, ncol=N, nrow=N)
for (i in 1:M) {
a <- matrix(data=diet[,i], nrow=N, ncol=N)




# Pairwise overlap between single -interval ranges
overlap.range <- function (low , high) {
N <- nrow(ecodata)
low.a <- matrix(low , ncol=N, nrow=N)
low.b <- t(low.a)
high.a <- matrix(high , ncol=N, nrow=N)
high.b <- t(high.a)
88
union <- pmax(high.a, high.b) - pmin(low.a, low.b)
overlap <- ((high.a - low.a) +
(high.b - low.b)) / union - 1.0




# Calculation of host ecological distance matrix #
##################################################
ecodata <- read.csv("host_ecological_data.csv")




diet.dist <- 1 - overlap.diet(diet.table)
depth.dist <- 1 - overlap.range(ecodata$Depth.min ,
ecodata$Depth.max)
location.dist <- 1 - overlap.discrete(ecodata$Location)
size <- ecodata$Average.size
size.dist1 <- as.matrix(dist(log(size )))
size.dist <- size.dist1 / max(size.dist1)
host.D <- sqrt(diet.dist**2 + depth.dist**2 +
size.dist**2 + location.dist**2)
# Fix rounding errors
diag(host.D) <- 0
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# Add host labels
dimnames(host.D) <- list(ecodata$Host , ecodata$Host)
##############################################





# Load host -parasite link matrix #
##################################
# Hosts in rows , parasites in columns. Taxa names are
# included in the file and should match those in tree ,
# sequence or distance files.
HP.raw <- read.csv("h_p_matrix.csv",
stringsAsFactors=FALSE)
HP <- as.matrix(HP.raw[,2: length(HP.raw )])
rownames(HP) <- HP.raw$Host
HP[is.na(HP)] <- 0
# Sort host and parasite taxa in distance matrices to




# Perform PACo analysis #
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#########################
# Assemble PACo input data
D <- prepare_paco_data(host.D, para.D, HP)
D <- add_pcoord(D, correction="cailliez")
# Run PACo analysis
P <- PACo(D, nperm =1000, seed=NA , method="r0",
symmetric=FALSE , proc.warnings=TRUE ,
shuffled=TRUE)
# Run jackknife analysis
P <- paco_links(P, .parallel=FALSE , proc.warnings=TRUE)
print(P$gof$p) # p-value
print(P$gof$ss) # m^2
# Other data included in the P object:
#
# - P$shuffled: m^2 values arising from random link
# matrices
#
# - P$P_PCo and P$H_PCo: principal components matrices
# for hosts and parasites. One row per link (species
# are duplicated as necessary), one column per
# component. The first two columns can be used as X/Y
# coordinates for a Procrustes plot.
#
# - P$jackknife: table of link contributions from
# jackknife analysis.
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